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S U M M A R Y

The var ious  cause~ for  the  r e t u r n  of gas t u r b i n e  eng in es to de pot f o r
maintenanc e are  exam ined in this  invest i gation. The sample selected for
review and anal ys i s  of h i s to r i ca l  data  includ e T53 and T55 models in both
m i l i t t r v  and com merc ia l  deployment .  The t ime  span of the his tor ical
data stud ied allow s a compar ison  between mi l i ta ry  combat  ve r sus  mili-
t a r y  peace t ime and m i l i t a r y  ve r sus  commerc ia l  overhaul  experience.
Sect ion 1. 0 d i scusses  depot re tu rn  rates  re la t ive  to desi gn and environ-
me ntal s t resses .

The concept of a composite eng ine was in t roduced to provid e an average
value for  comparat ive purposes.  The reasons for depot r e tu rn  of specific
engines a re  compared with those of the composite eng ine. Special emp ha-
sis is placed on eng ine component-caused depot r e tu rns  and the i r  relation-
shi p to desi gn parameters .

Section 2 .0  presents  recommendations for  procedures and cr i ter ia  that ,
through the desi gn processes , can control the TBO or durabi l i ty  re turn
rate. The process uses the composite eng ine critical component sub-
sys tem listing derived in Section 2. 0. Failure mod e and hazard- ra te
anal yses f rom previous desi gns a re  used to estimate the probabilities of
com ponent / subsys tems  meeting the system requirement. The process is
i terative, and the understanding of the relationship between design mar-
gins and depot re turns  will improve. Anal ysis of new desi gns will indicate
the r isk associated with achieving a specified t ime-between-overhaul s
(TBO) interval. The anal ysis may indicate a specific desi gn and use re-
lationship that woul d w a r r a n t  an on-condition or c ondition-monitoring
approach to depot r eturn.

Section 3. 0 lists and descr ibes  advanced component and system concepts.
A qualitative analysis is made as to their probable effect  on TBO interval,
fli ght safe ty ,  and mission reliability.
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PREFACE

The investigation described herein was conducted by the Avco Lycomning
Eng ine Group, St ra t ford  Division , to review and anal yze  the  fac tors  con-
trol l ing eng ine scheduled overhaul in te rva l s .  The p rogram was sponsored
by the Eust is  Directorate of the U. S. A r m y  Air Mobility Research  and
Development Laboratory (USAAMRDL) , Fort Eus t i s , Virg inia , under
Contrac t  DAAJO2-75-C-00 18.

The program was technicall y s up erv ised b y T. House , V. Weiner , R.
Campbell , and D. Ar t i s  of USAAMRDL.

The principal investigat ors  f o r  th i s s tud y w e r e  P. King and R. Givens.
W . Lobdeil , Director , and S. Wallace , Manager  of the Avco Lycoming
Reliabilit y and Maintainability group, had overall responsibili ty for pro-
gram management .

The contr ibutions of the Eng ineering, Stress , Design and Product Support
depa r tments  of Avco Lycoming Eng ine Group a r e  appreciated by the
a u t h o r s .
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INT R ODUCTION

The f r e q u e n c y  of engines being r e t u r n e d  to depot is considered to he a
p r ime  d r iv e r  of eng ine l i f e -c ycle  cos ts .  The total ra te  of r e t u r n  is

a comb inat ion  of unscheduled  r e tu rns  and a f ixed-schedul e over-
haul i n t e r v a l  or t i m e - b e t w e e n - o v e r h a u ls (TBO) . It is des i rab le  to fix the
scheduled  overhau l in te rva l  as hi g h as poss ibl e, wi th in the  const r a int s  of
miss ion  re l i ab i l i ty  and fl ight  sa fe ty ,  in order  to min imize  l i f e -cyc le
costs .  Unschedu led n e c e s s a r y  r e t u r n s  to depot a r e  separa ted  into two
i a u s a l c a t e g o r i e s:  ( 1) engine component caused , and (2) operational en-
v i r on r n e n t a l  cau s e d .  Both c a u s e s  a re  related to and inf luenced by eng ine
sy s t e m  desi gn.

The p rec i p i t at i on of an en g ine-caused depot r e tu rn  event is usual l y symp-
toma t i . T h e r e f o r e , the  dec ision as to the necess i ty  of re turn ing  an eng ine
requ i res  p re l imina ry  d iagnos t ics  and fau l t  isolation to establish the level
of ma in tenance t h a t  is requi red .  The accepted prac t ice , to minimize
m aintenanc e cos ts , is to pe r fo rm maintenance at the lowest echelon
prac t ica l .  Violat ions of th is  prac t ice  occur in the form of unneces sa ry
and conven ience - type  r e t u r n s  to depot.

The r e t u r n s  of eng ines to lepot a r e  ca tegor ized  in Fig u r e  1. The six cate-
gor ies of r e t u r ns  appear ing  on the data sheets are:

[ALL DEPOT RETURNS1
OF ENGINES

I I
SCHEDULED UNSCHEDULED )

I I I
- —~~- 

p T NECESSARY ] UNNECESSARY CONVENIENCE 1

_______________________ _____________________ _______________________ 

.1 

_______F I I ~1 .‘4 IENGINE COMPONENT ENVIRONMENTAL [i~~~INE COMPONENT [i~ VIRONM~ NTAL

CAUSED ] CAUSED L CAUSED 
~ J CAUSED

Figure 1. Engine Return Categories
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,~1

1. Scheduled
2. U n s c h e d u l e d, neces  S i  ry  eng i n e  c o m p o n e n t  c a ns
I. Unscheduled , necessary environmental I

1. U n s c h e d u l e d , u n n e c e s s a r y
5 . U n s c h e d u l e d , c o n v e n i e n c e  engi.~e comp ’ n 4 ’ r i t  C . t  l s~~’d

n . Unschedu led , c o n v e n i e n c e, envi  r ( ( l U l l  (‘I  i t  .1 I I i l l  S e(I.

A scheduled  r e t u r n  i d e n t i f i e s  — i n eng ine t~~~~~ i t  i s  r e t u  m e d  to  depot  a p a r t
of a planned a c t i v i t y ;  the  mos t  c o m m o n  r e a so n  is t h e  a c h i e v e m e n t  of t he
TBO in t e rva l .  O t h e r  scheduled  r e t u r ns  could be • t — ’so c i at e d  w i t L  i i r f r a m e
r e t u r n s  to depot or special i n v e s t i ga t ions .

Unschedu led  r e t u r n s  a r e  rand oml y d i s t r i b u t e d  e v e n t s  t h a t  a r e  caused  b y
the eng ine or its components and the env i ronmen t  in w h i c h  t h e  eng ine
operates .  Unscheduled r e tu rns  can also be caused  by events categorized
as unneces sa ry , or a convenienc e to the using o rgan iza t ion .

Necessary returns are those events that require the engine to be returned
to depot for corrective maintenance.

Unn ecessa r y r e t u r n s to de pot a r e th ose retu rns f o r  which  the  reason for
re tu rn  cou ld not be ver i f ied or because the re  was no immediate  need for
corrective or preventative maintenance at depot level.

Convenienc e r e t u r n s  a re  r e tu rns  to depot of eng ines that could have re-
ceived co r r ec t i ve  maintenance  in the field , but for reasons of log istics ,
s t r a t egy, etc . ,  they w ere re turned to depot.

The data sample sets w e r e  selected to afford  a broad view of depot- re turn
causes for a var ie ty  of engine model s, operating conditions , and deploy-
ment environm ents. The data sets also provided component information
sufficient  to support the Weibul l anal ysis and t ime fa i lu re - ra te  studies
for specific fa i lure  modes. The selected sample sets , containing a total
of 9004 re turns , are :

- 
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No.
R e t u r n s Op e r a t i n g

Model  T i m e  Sp~~ 
E n v i r o n m e n t  Anal y zed 1-b u m s

- L - 7 , CY 1969 M i l i t a r y  814 5 )  ~~~, lOc
B. C

T 5 3 - L -  1 lB  CY 10 73  M i l i t a r y  1061 S ( 9 , 2 0 1

T 5 3 - L -l  I CY 1968 M i l i t a r y  2618 1 , 250 , 000

T 5 3 - L - 13 A  CY 1070 M i l i t a r y  3851 1 , 700 , 000

T 5 i l l  A

~ B~ 1 9 6 5 - 1 9 7 5  Commerc ia l
630 1 , 136 , 9 1 1

T 5 3 13  A
1~ B* 1965- 1975  C o m m e r c i a l

~ These  a r e  c o m m e r c i a l  moc el desi gnat ions  of the  T 5 3-L - 1 1  and T 5 3 - L - 13
eng ines.

Data f r o m  the  se ts  w e r e  anal yzed  to provide  ins i g ht as to w h a t  c a u s e s  and
reasons  w e r e  the  u l d r i v e r s H of depot r e t u r n s  for  each set.  The resu l t s
\k ere used for  compara t i ve  set anal ysis  in t e r m s  of pe rcen tages  and fre-
quenc ies .  Data sets were  then summed to provide percen tages  and fre-
q l l  i i  ies  of an a v e r ag e  of a composi te  eng ine.

Additional invest i ga tion was made into the a reas  of engine component
fa i l u r e  modes , and w h e r e  possible , Weihull plots w e r e  made to de te rmine
the  re lat ionsh ip between fa i lu re  f r equency  and operating time. Failure
effects were noted , and safety and mission impact ing fa i lu re  modes were
iden t i f i ed .  The  p resence  and e f fec t  of d iagnost ics  on the depot r e tu rns  a re
also d i scussed .  The la t te r  par t  of Section 1 .0  a t tempts  to relate earlier
d esi gn and t e s t ing  cr i te r ia  to the fa i lu res  that  caused depot r e tu rn s .

The anal ysis presented in Section 1. 0 is used as the basis in prepar ing
rec ommendat ions  and procedures  for  controlling the f ac to r s  that  deter-
mine  overhaul in te rva ls .  It is recommended that eng ine TBO capability
be a p r i m a r y  des ign cons idera t ion  and included as a system requ i rement .
The composite engine evaluated in Section 1. 0 is the  f i r s t  of an i tera t ive

‘1 process that  continuall y re f ines  the  re lat ionship between ta i lures  that
cause depot r e t u r n s , des ign selection , and sys tem parameters .  Data in-
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lu d e d  in -SdI t ion 1 . 0  s t r o n g l y i nd i ca t e s  tha t  depot r e t u r n s  can be g r e a t l y
t ’d~ ed hv d i r e  t j I ) L~ d e s i g n — c o n f i g u r a t i o n  to e n v i r o n m e n t a l — u s e  re la t ion —

:ps , ~; i t h e r  t h i n  r e de s i g n i n g  the  engine  components .  The area of con -
- ( ‘I L l  i ’ l l  c - t y p e  r e t u r n s  i s  one tha t  may  be d r i v e n  by c i r c u m s t a n c e s  beyond
t he  ~~i e L a t e  c o n t r o l  of t h e  o p e r a t i n g  com mand.  However , the  exerc i s ing
of t l . i s  p r e r o g a t i v e  m a y  he somew hat eng ine-des ign related t h r o u g h decis-

i l lS  t~~~~~~~ t h i n g e  on ease  of m a i n t e n a n c e .  U n n e c e s s a ry  r e t u r n s  a r e  consid-
e red  to -c op e r a t i n g - s y s t e m  caused  and , w h e n  grouped  wi th  conven ience
~~‘t r n s , w i l l  he c o n s i de r e d  as exogenous  v a r i a b l e s  and not w i t h i n  the
c ont r o l  plan d i s cu s s e d  in Section 2 .0 .

The s t a t i s t i c a l  ap p r o a c h  to mee t ing  sys t em r e q u i r e m ents  for  m a x i m u m
T130 and f a i l u r e  related engine life centers on d ep o t - r e t u r n  f a i l u r e  sensi-
t i v e  pa r t s .  These  pa r t s  wi th  t h e i r  f a i l u r e  modes and f r eq u e n c i e s  have
been i den t i f i ed  in Sect ion 1 .0.  Probabi l i t ies  a r e  computed for  f a i l u r e
modes us~ ~ f r eq u e n c i e s  and d i s t r i b u t i o n s  e s t ima ted  in Section 1.0.  The
com bined probabili t ies resul t in a probabi l i ty  for t h e en gine TBO interval
and the  r i s k  assoc ia ted  w i t h  m i s s ion  and s a f e t y  r e t u r n s  for  the complete
eng ine. It is expected tha t  con t inued  use  of the  p r o c e d u r e s  r elat ing com-
ponent desi gn m a r g ins to depot r e t u r n s  will r esu l t  in i nc reased  overhaul
i n t e r v a l s , r educ ing  u n s c h e d u l e d  r e t u r n  f r eq u e n c i e s , and eventual ly us ing
on-condi t ion  and c ondition moni tor ing maintenance and overhaul  plans.

The  possible e f f ec t s  of advanced components or sy s t e m s  on TBO in te rva l s,
f l i g h t  s a f e ty ,  and m i s s i o n  rel iabil i ty - impac t ing  depot r e t u r n s  is qualita-
t ive l y explored in Section 3 . 0 .

~~ 
~~~~~~~~
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1.0 R E V I E W  -\ND . \ N . \ 1 Y SIS OF H I S T O R I C A L  D A T A

SOURCE AND SELECTION OF D A T A

Over 40 , 000 T53 and T55 eng ines w e r e  r e t u r n e d  for depot act ion d u r i n g
the past 10 years .  Records  for  these  r e t u r n s  a r e  on f i l e  in a data bank
at the Avco Lycoming Eng ine Group,  St r a t f o r d .  These  records  formed
the  source  of the h i st or ica l data  f r o m w h i c h  approx imate l y 9 , 000 r e t u r ns
were selected for  a d etailed review .

These r e tu rns  w e r e  not selected at rand om hut chosen according to peak
ut i l iza t ion  period s (in fl y ing hou rs ) ,  to obtain a c ross  sect ion of eng ine
mod els. Af ter  the eng ine model was selected , the re tu rns  for  the year
tha t had the most  act ivi ty  were  then studied.  However , a bias in failure
f r e q u e n c y  was introduced in some areas  in order to investigate a wider
ran ge of fa i lure modes. For example, the T53-L- 13A CY 1970 data was
included because of compressor  problems. The years of peak activity of
these models a re  discussed below .

Selected Eng ine Returns

Period Model Returns and Hours

CY 1968 T53-L-llA/llB 2,618 Returns
1, 250, 000 Flying Hours

This mod el yea r was selected sinc e it was a peak utilization year for  the
T 5 3 - L -l lA / l l B  engine. This eng ine model represented the end of the
f i r s t  generation of T53 eng ines , and had accumulated 3, 250 , 000 operat ing
hours prior to 1968 , mostl y in u t i l i ty- type helicopters (UI -I-I  Series).
Military operations during this period were  conducted under  severe  com-
bat conditions in Vietnam.

Period Model Returns  and f lou r s

CY 1969 “ 5 5- L - 7 B/ 7 C  844 R e t u r n s
512 , 406 Fl y ing I I c ’ 1 2 r s

T55 series engines were  selected because they represen ted  a d i f f e r e n t
c onfiguration and were  installed in a heavy ca rgo  helicopter (CH-47
Series). Again , 1969 represented a yea r of peak ut i l izat ion in Vietnam.
Like the T 53-L - ll , this engine also was the last of the fir s t  generation
and had accumulated over 1, 000 , 000 hours  prior to 1969.
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Period Model Re tu rns  and Hours

CY U)70 T 5 3 - L - l 3 A  1, 851 Re tu rns
1, 700 , 000 Fly ing Hours

T ) e  T 5 l - L - 1 3A  model eng ine represen t s the  f i r s t  eng ine in the second
generat ion of the T53  f ami l y. Horsepower had been increased f rom 1, 100
in the I ’5 3 - L - l lB  to 1, 400 shaf t  horsepower  in the T 5 3 - L - l 3 A .  Most of
the  ho ur s  flown were  unde r  combat  condit ions , wi th  some of the engines
bein g installed in A H - I G  gunsh ips , whos e miss ion  profiles and eng ine
dut y cycles were  more  severe than  the UH- l  series a i r c ra f t .

Period Model Returns  and Hours

CY 1973 T 5 3 - L - l 3 B  1, 061 Re tu rns
869, 291 Fl ying Hours

The T 5 3 - L - l 3 B  incorporated a ti tanium compressor  rotor and other de-
si gn improvem ents over the T 53-L- l3A.  This period was selected to pro-
vide mi l i tary  peacetime operational data. These eng ines w e r e  installed in
both UH-l  and AH-IG Series airc raft .

Period Model Returns and Hours

1965-1975 T 53l1  and T53l3  630 Returns
Series Commercial 1, 136 ,9 11  Fl ying Hours

These engines were selected in order to introduce commerical  data into
the study and, thus, provide a comparison between simila r eng ines being
operated in mi l i t a ry  and commercial  environments. These eng ines , in-
stalled in Bell helicopter Mod el 205 , were  used in a wide variety of oper-
a t ions , f rom of f - shore  oil-rig resupply to f o r e s t r y  logging and c rop
dust ing.

Description of Selected Engines

The T5~~-L-l1 1 , 100 shaft horsepower turboshaft engine was delivered to
the U. S. A r m y  in August  1963. This turboshaf t  eng ine incorporated the
following improvement s over the T53-L-9 series.  The acceleration air-
bleed sys tem was modified to a t rans ien t - type  with character is t ics  that
made the bleed system remain open during power transients in order to
improve  the acceleration from fli ght idle to takeoff. The Number 1 main
hear ing instal lat ion was modified to reduc e vibration, an in-line fuel filter
was  add ed, the air d i f fuse r  was modified to increase surge marg in, and
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the customer air-bleed takeoff port  was rel ocated. Al te rna te  and emer-
gency  f uel capabil i ty was obtained b y using a scoopless combus tor , modi-
f ied T -cane  fue l in jectors , a nd two h o t - s t r e a k  i g n i t e r  fuel nozzles .

The 1, 100 shaf t  horsepower t u r h o s h a f t  T 5 3 - L - 1 1,-\ eng ine int roduced in
Ja n u a r y 1966 has one d i f f e renc e in addi t ion to the  T 53 - L -l l  confi gura t ion .
This eng ine used the improved K4 g earing with  a 24- tooth  small output
spline.

The 1 , 100 shaft horsepower turboshaft T53-L-llB engine was delivered
to the U. S. Army in December 1966. This engine used the improved K4
gear ing with  l a rge  26-tooth output spline for  compat ib i l i ty  with  the rede-
si gned hel icopter  t r ansmis s ions .

The 1, 400 shaf t  horsepower tu rbosha f t  T53-L-13 eng ine was del ivered to
the  U. S. A r m y  in Augus t 1966. This t u r b o s h a f t  eng ine incorpora ted  the
fo l lowing si gn i f i can t  improvements .  Transonic compressor  blades were
incorporated in the first two stages of the axial rotors to provide increased
a ir mass  flow and to obtain the 1, 400 shaft  horsepower  rating . Variable
inlet guide vanes provided good compressor  s tage matching over a wide
speed range along with  excellent compressor  stall marg in. A two-s tage
gas producer  t u rb ine  was  used for  increased  turb ine  eff ic iency.  A two-
s tage  power turb ine  having hi g he r  e f f ic iency  was used to supply hi gher
power to the output shaf t . A new atomizing combustor  design incorporated
improved heat and cor ros ion- res i s t an t  alloys for longer life.

The 1, 400 shaf t  horsepower tu rbosha f t  T53 - L - l 3 , with delta ( ~, )  marked
on the eng ine data plate, contained a glass-bead-peened 36-blade second -
stage compressor disc. The g lass  peening provid ed the disc with improved
s t ress - rup tu re  properties prior to availability of the 34-bladed disc.

The 1, 400 shaft horsepower turboshaft T53-L-13A Suffix A engine has a
34-blade second-stage compressor disc incorporated into the basic T53-
L-13 confi guration.  The Suffix A identif ies this fea ture .

p The 1, 400 shaft  horsepower turboshaf t  T53 -L- l3A eng ine includes all of
the fol lowing fea tures :

• Improved Number 2 bearing seals

• Six-probe twelve-point the rmoc ouple harness for
greater accuracy

• Improved Number 2 bearing scavenge system

• The 34-blade second-stage compressor disc.

22



The 1, 400 shaf t  ho r sepower  t u r b o s h a f t  T 5 3 -L - 13A  Suff ix  A eng ine is a
modif ied  T53- L - l 3 A  eng ine wit h an improved  f o u r t h - s ta g e  compres so r
di sc for g ing that  had controlled flow l ines  and g r a i n  s ize .

The 1, 4 00 shaf t  horsepower  tu rbosha f t  T 53 -L - 13B  is the  most advanc ed
product ion  eng ine in the T53 t u r b o s h a f t  ser ies .  This  engine  includes  the
following additional maj  or improvements:

1. T i tan ium was  used in the second - t h r o ugh  f i f t h - st a g e  compressor
ro tor  d iscs  for increased du rab i l i t y ,  res is tance to s t ress  corro-
sion, and improved low-cycle  fa t i gue cha r a c t e r i s t ic s .

2. Compressor  blades were  retained wi th  sing le- th ickness  locking
plates.

3. Improved Number 2 bearing sawcut  seals were  incorporated for
res i s tanc e to cok ing.

4. F i r s t -  and second-stage gas producer  tu rb ine  nozzles  were  cast
for g rea t e r  service life.

5. Expansion bolts connecting the  cen t r i fuga l  compressor  housing to
the air d i f fuser  were  used for  improved clamping, which reduces
the Number 2 bear ings outer r ace  rotation.

6. An improved sun gear t h r u s t  washer  made from synthetic material
was  incorporated for  better wear  charac ter i s t ics .

DEPOT RETURN CATEGORIES

After the previously discus sed eng ine r eturns were  selected , they were
categorized into depot return groups. Each engine model was f i r s t  cate-
gorized as being either a scheduled or an unscheduled r e turn, where
scheduled-return engines either achieved scheduled TBO or were  returned
as part of a special inspection program (see Figure  1).

Next , the unscheduled r eturns were  subdivid ed into necessary,  unneces-
sa ry  (defect  not substantiated),  and convenience-type groups. Necessary
returns were fu r the r  divided into eng ine-caused or system-caused re-
turns.  Where eng ine-caused returns included those engines returned be-
cause of component problem, system-caused re turns  related to opera-
tiona l or environmental factors. Unnecessary-type returns (defect not
substant iated)  includ e those eng ines in which no defect could be found upon
examination at the overhaul facility. Convenience-type returns Include
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en g i n e s  th .-~t could  h i v e  been repa i red  in t he  f ie ld , hu t , due  to var ious
r e l s , ) I l ~~, w e r e  ~ e t u r n e d  for  depot action.

I ’he r ;i\~’ d i t a  f r o m  c o m p u t e r  s t o r a g e  w e r e  t abu la ted , anal yzed , and con-
densed , and the  resul t s  a r e  pr esented in Fig ures  A - I  th roug h A-S (A ppen-
d i x  Vt . -\ l t h o u g l l  e v e r y  e f f o r t  was  m a d e  to p r e s e r v e  the  ori g ina l r eason
f o r  r e t u r n , some consol ida t ion  was n e c e s s a r y  in order  to r educe  the large
vo lume  of da ta  i n to  manageab le  ca tegor ies .

COMPOSITE ENGINE DESCRIPTION

In o r d e r  to  broaden the  view of the var ious  causes  for  eng in e re t u rns , a
“co mposi te  engine ” ~-a s  c rea t ed by summing  all l ike-categor ies  f rom
each eng ine group.  Th is composi te  eng ine allow s compar ison  between
each eng ine and the com posite , as well as “mi l i t a ry  composite ” ve rsus
“civil (commerc ia l ) composite ”. To a degree , then , the  comp osi t e en g ine
re presen t s  the  normal  eng ine and is used throug hout the report  as a
re fe r ence  even thoug h it is heavil y wei g hted by the T53-L- 13A data.

DEPOT R E T U R N  CATEGORIES (COMPOSITE ENGINE)

Figu re  2 depicts the major  categories  of engine re turns , as applied to the
composite eng ine. These categories a re  described below :

Scheduled En&ine Re tu rns

These re turns  include eng ines that reached a TBO interval, wh ich rang ed
as low as 600 hours  for  som e eng ines and as hi gh as 2 , 500 hours  for
others .  It should be noted that onl y a 6.48 percent of all depot re turns  or
107 eng ines per million operat ing hours  reached a TBO interval .

Un scheduled Necessary ,  Eng ine Component-Caused Returns

This category represents  the next largest  group at 18. 39 percent or 303
eng ine r e t u r n s  per million hours.  The chief causes found in the eng ines
studied a re :

1. Oil leakage and consumption due to mains haft  oil seals.

2. Oil contamination, ca used by bearing problems.

3. Compressor component defects such as disc , blade, or vane
failures.
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- 

- -
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* PERCENT TOTAL RETURNS / RETURNS PER MILL ION OPERATING HOURS

Figure  2. Composite Engine Depot Returns

25

_______ r



U n s c h e d u l e d _N e c e s s a r~~ E n v i r o n m e n t a l_Sy s t e m - C a u s e d_R e t u r n s

rh is c a t e g o r y  r e p r e sent s  the  l a r g e s t  g roup ,  i. e. , 12. 21 p er . ent or 695
eng ine r e tu rn s  per million operat ing hours .  The  p r i n c i pa l reasons  for
t hese  r e t u r n s  a r e  f o r e ign object dam age  (FOl)) and c o m p r e s s o r  e res ion ;
o ther  fac tors  a r e  such  i tems as operator  and m a i n t e r a n c e  e r r o r s , b at t l e
d a m ag e , and  a i r c r a f t  a c c i d e n t s .

U n s c h e d u l e d  U n n e c e s s a ry

This ca tegory  inc ludes  eng ines re tu rned  for  va r ious  s y m p t o m s  hut  w h e r e
no de fec t  could be subs tant ia ted  upon recei pt of the  eng ine at depot. There-
fore , t he  c a u s e  of r e t u r n  for  t h e s e  eng ines  was i m p r o p e r  d i agnos t i c s  and
t roub leshoo ting techni ques  at  the o rgan iza t iona l  or f ield main tenance  level .
Since this  cat egory  r e p r e s e nt s  7. 34 percent  or 121 eng ines per million
hour s .  it was dec ided to make  this the subject  of f u r t h e r  stud y and to de-
t e r m i n e  if improved d iagnos t i c  equi pment a n d / o r  techni ques  cou ld improve
the  si tuat ion.

Unscheduled C onvenience Re tu rns

This ca tegory  accounts  for 17. 71 pe rcen t  or 292 eng ine r e t u r n s  per mil-
lion hours .  Engines in this ca tegory  coul d have been repaired in the fiel d ,
but at the convenience of the using activity,  they were  r et u rned  for over-
haul. \ stud y of this group show s a va r ie ty  of eng ine problems;  seal s
(leading the  l is t)  and f i e ld - repa i rab le  FOD w e r e  the most  f r equen t  prob-
lems.  Additional cons idera t ions  w e r e  the press ing  tact ical  s i tuat ion in
Vie tnam, to gether wi th  the avai labi l i ty  of skilled manpower , tools , and
spare  p a r t s .  Perhaps some of these repa i rs , whil e possible  in the field ,
a r e  not always pract ical  in the  real world environment .

Unscheduled Unknow n

This category includes those  eng ines whose  paperwork was  lost or not
fi l led out , or rep resents  an eng ine t i - tat had not compl eted process ing  at
the t ime of this stud y. This ca t ego ’y  represen ts  about 4. 03 percent or 66
eng ines per million hours .

The remaining engines review ed were  re turned for  conversion to other
model s, for incorporat ion of se rv ice  bulletins for  modif icat ion work or-
ders  (MWO ’ s), and they represent  3 . 6 1  percent or 59 per million hours.
Figures  3 through 7 i l lus t ra te  the categories represent ing the returns of
each eng ine model selected for this investigation. Summaries of these
activit ies a re  presented in chronolog ical order. These summaries  provide
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an  o v e r v i e w  of t I ( ‘ p r i n c i pal c i u s  es of p r e m at i re  eng ine r e t l ,  r i  . For a
deta i led  d i s c u s s i o n  of c o mp o n e n t  p r ob l e m s , r e f e r  to ‘‘ U n s c h e d u l e d  Ne e~ —

sa r v  E ng ine! C o r n p o n e i i t  — a t i s e d  R e t u r n s

Dr - :P OT R E T U R N  SU\U ’4 A R I E S

T5 ~~— L —  1 1 A / l i  B i ; r ~~in es

Fi g u r e  3 show s tha t  70 p e r e c i t  of t l i e  T 5 3 — L — 1  1 eng ines r e t l rned to
depot  w e r e  due  to en v i r o n m e n t a l  a ’i S es .  FOD and e ros ion  v- e r e  t i e  ma j o r
fa t a r s , and  t i e  p a r t i c l e  s e p a r a t o r  r e t r o f i t  p r o -  “am in i t i a t ed  in I “ -7  w a s
s t a r t i ng  to t a k e  et e t .  See e nv i  i on i nen t  — ‘ a u s e d  r e t u r n s  on page  3 . The
schedu led  r e t u r n  r a t e  fo r  t h i s  eng ine  of 144 per mil l ion o p e rat i n g  h o u r s
w a s  hi gher  t h a n  an~ o t h e r  m i l i t a r y  t y p e  eng ine , and hi g h e r  t h a n  t i e  com-
pos i t e  eng ine  which  inc luded  the  c o m m e r c i a l  mode l s .  The  T 5 3 - L - 1  I -\/
1 l B  a ss  t h e  l a s t  of the  f i r s t  g en e r a t i o n  e n g ines  and i n c o rp o r a t e d  m i  r y
des i gn im p r ov e m e n ts  o v e r  the e a r l i e r  m ode l s . (~~ I~se -4 u e i t [ y ,  t i , •  r e e c s  —

s a r y  e n g i n e - c a i z ~ ed r e t u r n  r a t e  ( 2 7 4 / 1 0 6 h o u r )  is the  l owes t  lo r  i l l  mi i i-
i t  ry  mode l s  and l o wer  t h a n  the  compos i t e  cn g i i u t - .

T5~t- L - 7 B/ 7 C  Eng i n e s

The  l 5 5 - L - 7B / C  has  t h e  hi g hes t  unschedu led  eng ine r e t u r n s  due  to eng ine
causes  of t he  g roup  s tud ied  (see  Fi g u r e  4).  A r e v i e w  of t h e s e  c a u s e s
shows tha t  m a i n s h a f t  seals  lead the l i s t , fo llow ed by bear ings and a i r
d i f f u s e r  c r a c k s . The N u m b e r  I bear ing  and seal packa ge is not f i e l d -
replacea ble on th i s  eng ine.  Again , t he  opera t iona l  e n v i r o n m e n t  plays  an
i m p o r t a n t  p a ”t , w i th  over  40 pe r cen t  of the  r e t u r n s  (mos t l y due  to FOD
and eros ion)  i nd ica t ing  the  need for  e n v i r o n m e n t a l  p r o t e c t i o n  on t h e
C H -4 7  t y p e  a i r c r a f t .

U n n e c e s s a r y  and c o n v e n i e n c e  r e t u r n s  a r e  close to the  no rm for  t h e  s tud y
g roups .  This engine  had a scheduled  r e t u r n  ra te  of 19/10 6 hou r s , wh ich
is t h e  lowest  r i t e  of all the  eng ines s tudied.

‘p
Sin e the  T55-~~-7 B / C  incorpora te s  several  desi gn improvements  over
the  I’~~5- L-5 se r i e s , one wou ld expect a better showing;  however , the

‘i  S i t  crew e b e tween  t he se  models was improvements  in the  hot end
and not t h e  seal and bea r ing  packages , w h i c h  c o n t r i b u t e d  so heavil y to
e~. r l y r e t u r n s .
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T53 L- h A/u S ENGINES
1968 DATA 2618 RETURNS
1,250,000 F LY ING HOURS

50
UNSCHEDULED 55 45

REASON UNKNOWN 
-

2 60%/ 54 - 
- -

60 - 4 0
\ N

N

UNSCHEDULED
NECESSARY - \
ENVIRONMENTAL /

70 - -~ UNSCHEDULED 
SYSTEM CAUSED \~CONVENIENCE 69.92%I1276~ -\

10.9%I 229

_ 5 — 2~

UNSCHEDULED
NECESSARY ENGINE

- CAUSED
13. 1O%/274 

: 

20

- 

5

SCHEDULED RETURNS 9~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
‘

UN SCHEDU LED
UNNECESSARY
5 5 8%/ I l l

* PERCENT TOTAL RETURNS I RETURNS PER MILLION OPERATING HOURS

— Figure  3. Summary of Depot Returns , T 5 3 - L -I I A / I I B  Eng ines
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T55-L-7-B/C ENGINES
1969 DATA 844 RETURNS

512,406 FLYING HOURS

UNSCHEOU LED
50 /REASON UNKNOWN

~~~~~~~~~~~~~~~~~ / i .42%I 23
- I / I f ~~~~UNSCHEDULED F

C O N V E N I E N C E  ‘
, ~~

6.64%/ 109 * /

/

U 36

70 _ 30

U N S C H E D U L E D  —

~~•‘ NECESSARY
E N V I R O N M E N T A L !  —

SYSTEM CAUSED ~~~~~3
1
~J
,~~ED 

25
40.52%/667 

ENGINE CAUSED
43.13%/ liD

80 20

‘5
N

UNSCHEDULED
/ UNNECES SARY

90 ‘ l .11%/117 - 
- to

~~~~~~ 
- - I —

SCHEDULED
1.18%! 19

s PERCENT TOTAL RETURNS I RETURNS PER MILLION OPERATING HOURS

FIgure 4. Summary of Depot Returns , T55 -L-7B/C  Eng ines
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T 3 3 - L - 1 3 j \  Eng i nes

A s ig n i t  i i  ~ i t  d e c re~t sc ~fl sy s t e m  — ( a u s e ( 1  r e t u r n  i a t e s  is cv ide i t  in F —

‘i r e  5. By 1) 7 0 , t h e  b e r & f i t s  of the  in le t  s c r e e n  i t i d  p a r t i c l e  s e p a r a t o r
p r o b r a m s  w e r e  beg i n n i n g  to hc r e a l i , .’d .

Er g ine - .a u s e d  r e t u r n  r a t es  ir e  h i gh e r  t h a n  t h e  T 5 3 - L - l l  ser i e s . Non-
I id d — rep l a ce ab l e  m a i n s h a f t  s e a l s  lead  the  l ist , c lo s e l y f u l l  owed b y co n  —

p r c s s or  d i s c  p r o b lem s .

Hig he r  speeds and t e mp e r a t u r e s  w e r e  a l so  f a c t o r s  in t he  C o n v e n i e n c e  re-
t u r n s  ( eng i n e - c a u s e d ) .  The N u m b e r  I posi t ion seal was  adverse l y af fec ted ,
and in sp ite of i ts being f ie ld  replaceab l e , over  500 eng ines w e r e  re tu rned
for  t h i s  reason .

The unschedu led  c o n v e r s i o n  ca tegory  re f lec t s  t he  d e s i r e  on t he  p a r t  of
the  u s e r  to c o n v e r t  t h e s e  T 5 3 -L - 1 3~\ eng ines to the  T 5 3 - L- . 13 B  confi gura-
tion. This was  mot iva ted  by the  sa f e t y - o f - f l i g ht a f f e c t i ng  fa i l u r e  of the
a l u m i n u m  compressor  d i scs  and the need to i nco rpo ra t e  an improved
N u m b e r  I seal package .

U n s eh e d u l e e  or n i e c e s s a  ry  r e t u r n  r a t e s  w e re  s o m e w h a t  hi ghe r  t h a n  those
b r  t I , -  I ~ -L - 1 1  s e r i e s ,  i b i s  p r o b ab l y r e f l e c t s  the  i o i cr e a s ~~d complex-
i ty  i t  t i i ~ u odel  w it h  :t s  ar i a b l e  inlet  gu i d e  v a n e s , t w o — s t a g e  gas p r o —
d n  t r  and p ower  t i  r b i n e~~, an d  a t r a n s o n i c  c o mp r e s s o r .  T h e s e  f e a t u r e s ,
w h ile  im p r o v i r g p e r t i r r i nce , made t r o u b l e s h o o t i ng  more  d i f f i c u l t  and
i n c r e a s ed  t h e  r i t a  Lfl~~~r , , n  e b u r d e n .

T 5 3 - L - 1 3 8  Eng ines

B y 1973 , returns due to system causes , operations , and environment
s tab i l ized a r ou nd 37 percent  and 4 5 3 / 1 0 6  ho urs .  These were  due mostl y
to FOD, even though sc reens  had been installed (see Figure  6).

Eng ine-caused r e tu rn  rates a re  lower (301/ 10 6 hours versus 349/106
-. —..

~~~~~ hours for the T53-L-13A), while at the same time the TBO rose f ro i i~
600 to 1800 hours (now 2, 400 hours for certain engines). Mainshaft seals
are still the leading cause for engine-caused returns , and these problems
are  discussed in detail in the  component section. Unnecessary  r e tu rns  due
to t roubleshooting were  also lower , probabl y reflecting the peacetime
maintenance  procedures in 1973 versus  the 1970 Vietnam data.
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T53-L.13A MILITARY
1970 DATA - 3851 RETURNS

1,700,000 FLYING HOUR S

50 
-

U N S C H E D U L E D
- 

/~~~ 40 RE A S O N UNKNOWN
/ 

- 
1 77%! 40

I UNSCHEDULED
,.—~~~~ I NECESSARY

/ E N V I R O N M E N T A L !  ~Joo
UNSCHEDULED / SYSTEM CAUSED j
ENGINE CAUSED /
15.42%/ 349

~~ 

- - / -

—--

SCHEDULED
RE TU R N S
4.28%! 91

I
PERCEN T TOTAL RETURNS / RETURNS PER MILLION OPERATING HOURS

Figure 5. Summary of Depot Returns , T53-L-13A Eng ines
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T53-L-13B ENGINES
1973 DATA 1061 RETURNS

869,291 FLYING HOURS

50

- 45

90 0 40

/

/0 U N S C H E D U L E D
REASON UNKNOWN

/ - 11.12%! 136 *

/ UNSCHEDULED
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/— ENGINE CAUSED

24 69%! 301
70 /  30

/

- 
~~~~ 25

— 
UNSCHEDULED

95 UNN ECESSARY / 
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8l1%199 /
- , / SCHEDULED

/ / R E T U R N S  - -

90 
- 
‘ / 6 60%! 81 - 10

~ 
_ __. ,, —‘I - 

-

— ~ PERCENT TOTAL RETURNS I RETURNS PER MILLION OPERATING HOURS

FIgure 6. Summary of Depot Returns , T53-L- 13B Engines
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I b ~~ r a t s ’  of ~
- 

~~i i i t s  r e t -  b in g  I BO  v - - s  s I /  l~~’ h ou r s , down s li g htl y f r o m
C I~~ I — I - — i  \ .  iv . e Cr , - m e n t i o n e d  c r l i e r , t h e  T R O  in t e rva l  had

t r i p led . 1 }i e r *c u r e , t h e  I 5 3 — 1 , — I  3 B is  m o r e  d u r a b l e  t u r i n t h e  T 5 3 — L — 1  3 -\ .
It is 1150 m o r e  j a r  I c  t h i  i t ~~ l o w e r — p o w e r e d  p r e d e c e s -~or , t i e  T 5 3 — L —
11 B e n i Zj n e , w h i c h  La ~ - n - a t e  a t  I l - I  / I 0~’ h o u r s , in a 1, 2 0 0 — h o u r  scheduled
r e t u r n  i n t e r .t

3 1 1  and T5 I V n I ~~i n A e s

Unschedu led  sy s t e m , i. e . ,  opera t ion  and env i ronmen t , r e t u r n  ra tes  a r e
1 1 t h  lower for  the  c o m m e r c i a l  eng ines  studied  150/ 106 hours  ve r su s
•1~ 3/ lii i hours  for  t he best  m i l i t a r y  model (see  Figure  7). The  commerc ia l
opera tor  is m u c h  m o r e  e f f e c t i v e  in prevent ing  these  types of unscheduled
returns. The reasons for this are explained on page 112.

The commercial  eng ine— caused  r e tu rn  rates  a re  also much  lower , 82/ 10 6
hours  ve rsus  2 74/ 106 hours  for the best mi l i ta ry  mod el. This is probabl y
due to the commercial  operators  mission profi le , maint enance p rog ram ,
and operator t ech niques.

Convenience and u n n c e s s a r y  (diagnost ics)  re turns  a r e  also much  lower
and reflect the economic concern of the commercia l  operator .  The TBO
achieved re tu rn  rate is better than all but the mi l i t a ry  T 5 3 - L - 1 1B  eng ine
(139/10 6 hours ve r sus  144/ 10 6 hours) .  However , the commerical  TBO’ s
a re  con siderably hi gher than the mi l i ta ry  (see Figure 8).

In general , the commercial  eng ines ’ re turn  rates  a re  lower than their
mil i tary counterpart  in every category,  even when the mil i tary engines

• a re  flow n in a peacetime environment.

MEAN-TIME-BETWEEN-DEPOT-RETURNS (MT B D) :  T 53/T 55  ENGINES

Figure 9 show s the advancement in mean- t ime-between-depot- re turns
(MTBD)~ of eng ine causes for the T53 turboshaf t  engines over the years.
Firs t-generat ion eng ines , T53-L-1 through T53-L-ll , show an increase

-

~~~~~ f rom an MTBD for the T 5 3 - L - l/ l A  of 965 hours  to 3, 300 hours  for the
T 53-L- 11C/l lD .  Second-generation T53-L- 13- typ e  eng ines show a similar
inc r ease, with the T53-L-13/ 13A MTBD at 1, 550 hours and the present
T53-L-13B MTBD at over 4, 000 hours.

*Total model fl y ing hours divided b y the number of eng ine or component
caused depot re turn events.

33

‘I



T5311 & T5313 COMMERCIAL
1965-1975 DATA 630 RETURNS

1, 136,911 FLYING HOURS

-- 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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27 14 o 150
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14 . 76%! 82 I
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SERVICE RULLETIN / MOl) UNNECESSARY
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Figure  7. Summary  of Depot Returns , T53 11 and T53l3
Commercial  Eng ines
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T53 L 11 153-1-11 T53• L 13 T53 1 13
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* DOES NOT INCLUDE SCHEDULED RETURNS

Fig u r e  ~. Depot R e t u r n s  Compar ison , M i l i t a ry  V e r s u s  Commerc ia l

SCHEDULED ENGINE R E T U R N S

The scheduled eng ine re tu rns  (composi te  eng ine) account  for  6. 4~ pe rcent
of the total eng ine r eturns or 107 per million fl y ing hours .  While these
fi gu re s  d i f fe r  somewhat between eng ine model and app lication , the mili-
t a r y  group  remains  below 10 percent.  In con t ras t , over 20 percent  of the
commercial  eng ines reach TBO. Figure  10 shows the  d i f fe rence in
schedul ed TBO growth ra te  for the T53 and T55 eng ines.

There is a tendency to compare the quali ty of an eng ine on the basis of
numbers  or percentages successful ly reaching the TBO interval. However ,

a if many  of those eng ines fail to make  TBO because of factors  other than
eng ine causes such as the environment , maintenance e r ro r s , or improper
diagnosis of defects  in the field , then the t r u e  potential of an eng ine is not
realized. Similarly, if fewer  engines a re  returned premature ly due to en-
vironrnental causes , more  are  available to fail as a resul t  of eng ine causes.
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Figure 9. T53 Turboshaf t  MTBD Eng ine-Caused Returns

The reasons wh y so few eng ines reach their TBO goals , how the TBO in-
terval  is established, and how it can be increased a re  discussed in sub-
sequent paragraphs.

UNSCHEDULED NECESSARY ENVIRONMENT --CAUSED RETURNS

Table 1 provides a comparison of each eng ine and the re tu rn  rates for the
various categories in this group.

-~~~ ~ Foreign Object Damage

Foreign obj ect damage (FOD) is the most common cause of premature
eng ine returns to depot . In the composite engine, FOD account s for over
50 percent of those eng ines re turned for operational environment causes
(See Figure 11).
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A L L  EN G I N E S
UNSCHEDULED SYSTEM CAUSED

3801 RETURNS 5,468,608 F L Y I N G  HOURS

— -
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Figure  11. Composite Eng ine, Environment-Caused Returns
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The  e a r l i e r  1’53 s e r i e s  had n e i t h er  POD sc reens  nor a p a r t i c l e  s epa r a to r,
w h e n  ori g inall y d e s i I ~n ed and in~~t ;t l l ed .  But , as a resul t of t h e  l a r g e  num-
ber  of r e t u r n s , an e f f o r t  beg~~n in the r n i d - l ) / O ’s to equi p t h e s e  eng ines
w i t h  0b o l t e d— o n ’ p r o t e c t i o n .  T h e s e  Sc reens w e r e  s u cc e s s f u l  and inc rea s ed
t 1 ~e \1 F B D  for POD f r o m  less  than  1, 000 h o i n r ~ to Over 8, 000 h o u r s  ( s e e
1- iI~n 1 r e  12).

\ r e v i e w  of t h e  eng ines  s tud ied  shows a r e t u r n  r a t e  of 672 fo r  the  T 5 3-L -
11 se r ies  eng ines , w h i c h  w e r e  l a rge l y unprotec ted  in 1968 , to a low of

per  m i l l i o n  in 19 7 3 , w i t h  p e a c e t i m e  dep loyment  and sc reens  ins ta l l ed .
Of si gni f i cance  is the  commerc i a l  POD r e t u r n  r a te  that  is 35 per mill ion
or six t i m es  be t t e r  t h a n  t h a t  of t he  b e s t  m i l i ta r y  rate.  Since most  of the
c o m m e r c i a l  f l v in ~ was  done w i t h o u t  the  benefit  of protect ion , it appears
t h a t  t r a i n e d  p e r s o n n e l  and operat ing environment a r e  m o r e  impor tan t
t h a n  p r o t e c t i v e  equi pm e n t .  However , it should be noted that the  commer-
cial  a i r c r a f t  u s u a l l \ -  operated f rom p repa red  s u r f a c e s  and had excellent
n n u in tenanc e compared  to m i l i t a ry  a i r c r a f t , due to the relat ively hi g h
personne l  t u r n o v e r  for  the  mi l i t a ry .

t1~~~
a
~~~~1c~j

~~~~~~~~~~~

-
~~~~~~~~~~~~~~~

Figure  12. FOD ScreeAl and Particle Separator
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The c u r r e n t  s c r e e n  des i gn a p p e a rs  to  be a d e q u a t e  in p r e v e n t i n g  POD Ire -

• quentl y caused  b y g r a v el - s i z e  s tones , r i g s , n u t s , bol ts , w a s h e r s , cowl-
• ing  f a s t e n e r s  or o rdnance .  Smaller  s tones , r i v e t s , h a r d w a r e  less  than

a b o u t  1 0 / 32  t h r e a d  s i z e  and in p a r t i c u l a r  smal l  p ieces  of s a f e t y w i r e  wi l l
go t h r o u g h p r e s e n t  s c r e e n s ;  a l thoug h t h e s e  i t ems  do not u sua l l y i nduce  an
eng i n e - c a u s e d  mis s ion  and sa fe ty  a b o r t , t h e y  of ten  r e s u l t  in the  p r e m a t u r e
r e t u r n  of an eng ine to depot.

Fig u r e  13 shows the  wor ldwide  M T B D  r e s u l t i n g  f r o m  FOD fo r  T 5 3 - L - l1
and T 5 3- L - 13  type  eng ines.

:j t ~iii~iij~
:~~ 

~~~~~~ 

_ _  

INmALINSTALLATION 

_ _ _

3-~~~~~~~~~- - ~~~~~~~~~~
- _ -

~~~
_ _  •

I ~~~~~~~~~
19~~ 1966 1967 1968 1968 1970 1971 1972 1973 1974

Y E A R

Figure  13. T53 Turboshaf t  Eng ines Worldwide MTBD
Resulting From FOD
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-\ lso of i n t e r e s t  was t h e  e f f ec t  of s c r e e n  i n s t a l l a t i o n  and a i r cr a f t  utiliza-

t i o n  on the  s u s c e p t i b i l i t y  of T 5 ~— T . — l 3 / 1 3 A /  1311 eng ines  t o f or ei g n obj ect

d a ma i~e. T h e  r e s u l ts  of the  anal ys i s  of th e s e  v a r i a b l e s  a r e :

Eng ines Wi th  POD Screens

Fl y ing P OD-caused
h o u r s  d~ pot r emova l s  MTBD-FOD (hour)

U~l— lH/ \1 •)~~~, ~~l9 •~ 1 4 , 570

•-\1l—l G ~7, 386 
13 , 695

Eng ines Without POD Screens

Fl ying FOD-caused
hours  depot removals MTBD-FOD (~iour)

U H — 1 H / M  66 , 841 80 836

AH - lG  9,392 2 4, ~-~~5

T h e s e  data not only show that the engines without POD -~cree’ . -- ~re :sr
m o r e  suscept ib le to fo re i gn object damage, but a l so  i r d i  i t  e - 

~~
‘ t - .e -\ ‘-

1G a i r c r a f t  is less susceptible to FOD, wi th  or w i t i  i - t  ~ - e e .  - . - e
JG gunshi ps operat e f rom prepared s u r f a c e s  ; in - nd , COflSe C • v , *r e  fl~~~~

l ikel y to experience the FOD and erosion impose ’:  on ‘ -  U H -  I ~~ r - -
wh ich must  occasionall y operate from u n p r r p  re -  s a r t  e~ .

Erosion

Compres~~or eros ion is the  second most  f r e~ u s ’ n : ’ en ’- i - on ~~- .tf l ~ - .-
-. 

eng ine r e tu rn .  Approximatel y 40-i eng i n e —  per  m i l l i -  h~ -~ir~ -a e r r  •
du ring w a r t i m e  mi l i t a ry  operations.  In c u t ’ n p - t r r ~~-m . t -  c i . -t I ~~e-

been re tu rn ing  about -1 3 per million h o u r s  ~~e n t :  er of r e  ~~r *~p. - *4 ~

pro tec t ive  equi pment Althoug h the c iv i l  ope ra to r  fl y~ mo~ t I v  f ror~ -

pared s u r f a c es , the re  a re  some ins t ances  w h e n  i o r n - m e r  141

a r e  c onducted in heavy  sand and ( lus t  c ond i t i ons , m d  t I  e ,r  r e t -~ rn r i —s
• then approach those of the  m i l i t a r y .
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Compressor  erosion of T 53 eng ines became a ser ious problem upon
heavy  dep loyment  of a i r c r a f t  to Vietnam in 1965. Envi ronmenta l  conditions
in Southeas t  Asia  acce le ra ted  erosion of the compres so r  as a resul t  of
the heavy sand and dus t  encountered  in th e  areas  of operation. During
1966 , the mean- t ime-be tween  d e p o t - r e t u r n s  (MTBD) resul t ing from
erosion had drop ped to a low of 2 , 600 hours .  Over 30 percent  of the T53-
L - I 1 A / l l B  eng ine r e t u r n s  to depot w e r e  a t t r ibu ted  to compres so r
erosion.

.-\ sand and dust  par t ic le  separator  was  developed dur ing  1966 and ship-
ment of the s eparator to the f ield began earl y in 1967. The sand and dust
separator  (Fi g u r e  14) mounted on the  eng ine inlet is an iner t ia l - type
par t ic le  separa tor  made in two halves.  Eng ine inlet air enters  the separa-
tor th roug h a curved annu lar , radial infl ow opening . Par t ic les  entering
with the air a r e  pulled out of the a i r s t ream and routed along a curved in-
ner wall.  A lip extending into the a i r s t r e a m  def lec ts  the part icle- laden
air into a l a rge  chamber , w h e r e  the air  velocity dec rease s. The la rger
par t ic les  set t le  in the chamber , wh ile the f iner  particles a re  removed as
the  a ir is d r a w n  throug h a f ine m es h scr een on the f il t er a ssem bly. Re-
mov ed par t ic les  a re  held in box assemblies  containing porous plastic -
foam inse r t s .  The box assembl ies  had to be periodicall y removed and
cleaned . A se l f -pu rging separa tor  was introduced into the field dur ing
1969 ; it i s the  same as desc r ibed above except that th e coll ec t or boxes
were  removed and an ejector  nozzle was mounted on the plenum chamber
at the  6-o ’cl ock position.

With the introduction of the separators into the field and the buildup of in-
stal led eng ines using them , the MTBD due to erosion increased to 6, 000
hours  dur ing  the f i r s t  two years  and then climbed sharpl y to 15 , 000 hours
b y 1970. It now runs in excess of 100 , 000 hours.  Fi gure  15 show s this
improvement in MTBD erosion.

Maintenance E r r o r s

Fault y maintenance practices a re  responsibl e for a signif icant  number of
eng ine re tu rns  to depot. Here again, the mi l i ta ry  r e tu rns  are considerabl y
hi gher than those of the civil operators .  Two of the major problems ex-
perienc ed by the mi l i tary  in this area involved the use of f l ame-spray  re-
pair at overhaul.

During the Vietnam War , th e un p r eced ented demand on t h e su pply sy s tem
caused shor tages  of some long lead- t ime items. One such item , a cast
magnesium centr i fugal  compressor  housing used in the T53 series eng ines ,
was seriously affected by erosion. Because of the short  supply, a flame-
spray repair procedure  was developed in an effort  to return some of the
eroded housings to service (see Figure  16).
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Figu re  16. C e n t r i f u g a l  Compres so r  Housing F l ame-Sp r a y  Repa i r

Due to the cr i t ica l  mi l i t a ry  need for  eng ines , only lim it ed t e s t ing of the
r epa ir was accomplished before  this repair  was introduced and repaired
hous ings went into service;  unfor tunate l y, on some housings the spray
mate r ial s eparated f rom the housing and caused additional unscheduled
r e t u r n s  to depot.

Similarly, the T53 power shaf t  f o r w a rd  bear ing area and seal journa l
w e r e  f l ame-sp ray  r epaired. (See Figure  17). This repair , in some in-
stances , also Caused unschedul ed depot r e tu rns  as a resul t  of fa i lu re  of
the Number  21 bearing.

These cases a re  hig hli ghted to point out that when selecting materials
during eng ine desi gn , some thoug ht should be given to how normal wea r
can be repaired.  Because it is d i f f icu l t  to bond any metallic material  to
magnes ium due to its hi gh activity,  its use should be limited to nonw earing
su r f a c~ -s. The shaft bearing journal  or seal running surfaces  will wear
dur ing  normal  operation; thus , considerat ion should be given to how this
w e a r  carl b e repaired.

The review of eng ine r e t u r n s  due to maintenance e r ro r s  also show ed that
some eng ines had been re turned  because improper sh imming of the power
sha f t  caused a rub with the  compressor  shaft .
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Fi gure  17. Power Shaft F lame-Sp r a y  Repa i r

It is concluded tha t  all field replaceable  components  should be capable of
being rep laced w i t h o u t  the need to pe r fo rm in ’  ca lcu la t ions , inc luding the
deterrr ination of proper  shim size , bear ing  p inch , seal pr eload , t u r b ine
ax ial cl ea rances , or gear backlash.

Addi t iona l  E n v i ron m e n t- C a u s e d  R e t u r n s

E n g k r c  r e tu  r~~s f o r  u p e r a t o r  e r r o r , a~ r f r a r n e c a u s e s , ~i~~r &  r a f t  a c c i d e n t ,
au d  h a n d l i n d ,  can he r e lat cd  to h u m a n  t a .  t u r s , t r a i n i n g ,  a n d  a i r c r a f t  de -

S W ! . I n c  m a t m - -, b r  t h c s e  g r o u p s a r e  s ur n m a r i z t - u  u F ab l e  ~.

It appears  that  ope ra tor  e r r o r  is about ei g ht or nine per million for the
rr i l i t a r y ,  v e r su s  less  tha n two for  the civil operator (wi th  the  unaccount-
able exception of the  T 5 3 - L - 13 A ) .

p
The a c i i d - r n t  r e t u r n  ra tes  for  the T 5 5 — L — 7 1 1 / C , installed in the  twin—
eng ine CH- - 17 a i r c r a f t , a r e  lower than tho se  for the T53 ser ies  eng ine
which  is p r i m af i l y used in sing le-eng ine a i r c r a f t .  The rates  of both corn -
merc ia l  and mi l i t a ry  accident s a r e  approximate l y the same. Consequently,
it appea r :~ tha t  m i l i t a r y  dep ic yment  and operation does not significantl y
a f fec t  a i r c r a f t  acc ident  ra tes .

•

1
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l a b l e ~~. - \dd i t iona l  E n v i r o n m e n t — C a u s e d  R e t u r n s  
- .

Event  R a t e s  Per Mill ion Hours
-• _ _ _ _ _ _  - - —- —~~

Operator  A i r f a r n e  A i r c r a f t  Battle
E r r o r  - 

C-E use s  Accident  I-handling Damage
• • • -

l~~~ — L — 1 l ~~~. t (24) ~’ - 76 I 4 .8  40
F - L - 7 C  

• 

7.8  0 11 . 19
N 3 - L - 1  3- \  18 ~~. 3 ( d l )  

- 
8~ 

- 

1. 7 39
F S~~-L - 1 3 B  8 10. (8 . )  10 0 9 . 2
C om me r ’ ial 1. 7 

- 
-1. 1 53 0 N / A

C o m p o — i t e  10 .2  - 3 . 3  64 2 .7 24.9

~

• • • 
_ • • I • • • -_-_-  _____- _ _ _

‘~:\ i r f r a m e  cau s e s , c hief l y e n g i n e - t o - t r a n s m i s s i o n  coup ling problems ,
acco unted  for a s i g n i f i c a n t  number  of depot r e t u r n s .  The parenthet ical
ra tes  in the tabu la t ion  abov e ( ex t r ac t ed  f rom the T53 t en -year  report
Ly c o m i n g  R e p o r t  ~ o. 1t~~ 5. 5. 15 Cont rac t  Number  D A A JO J - 7 4 - C -0 1 7 1 )

more  re p r e s e n t a t i v e  in this  c a se .

l’he batt le d a m a g e  ra te  is cons is tent  between the T 5 3 - L -l l  series and the
T53-L-13A.  The T 5 5 - I ~-7 ser ies  rate  is about  one-half that  of the T53
ra te , probabl y d ue to the miss ion  of the CH-47 a i r c r a f t .

The T53-L- 13B  data base was  CY 1973 , a peace t ime year  and, conse-
quently, the bat tle damage  r e t u r n  rate  is muc h lower.  These  few r e tu rns
were due to eng ines still in the suppl y line f rom the  Vietnam War .

The T55 model eng ines used in the CH-47 twin-eng ine a i r c r a f t  were  ana-
lyzed to determine the ef fec t  of eng ine positions on component f a i l u r e
rates. The number 2 position eng ine was  responsible for  3~ pe rce n t m o r e
depot re turr~ (all causes)  then the Number 1 pos~t ion.

Failure rates for selected components a r e  listed below . It sh ou Y d he noted
that the consistant differences are probably heavil y influenced by different
vibration environments for each position , due to mount ing  problems or
other installation considerations.
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Com ponent Pos i t ion l~ Position 2*

Fuel Contro l  199 473
Seals 83 141
Air  Di f fuse r  75 166
Fuel Manifold 8 33
Connector , N1~ in Manifold 0 41
- \ccessor y Gearbox 48 75
Exhaus t  Thermocouple 0 25

‘~Failures per million operating hours.

UNSCHEDULE D NECESSARY ENGINE COMPONENT-CAUSED R E T U R N S

The eng ine component-caused re tu rns  that w e r e  unscheduled but neces sa ry
ar e shown in Figure 18. Mainshaf t  oil seal f a i lu re s  proved to be the most
f r e qu ent cause  of p rematu re  depot re turns , 17.6 2 percent .  While not a
s a f e t y - o f - f l ight fa i lure  mode, seal leakage, or excess ive  oil consumption
d oes never thel ess , require  considerabl e maintenance ef for t .  All of the
seals studied during this investigation are  of the posi t ive-contact  carbon-
type.

Bearing f a i l u r e s  account for almost all of the eng ine re turns  due to oil
contamination and about 25 percent of the eng ine-caused re turns .  These
roller and ball bearings have several failure modes, some of which have
an impact on sa fe ty -o f - f l ight.

Compressor  rotor problems consti tute the th i rd  larges t  category,  largel y
due to T53-L- 13A data. Included in this group  in order of f requency are:

a. Compressor  disc tenon c racks .

b. Centr ifugal  vane f r ac tu re .

c. Impeller mounting bolt f r ac tu re .

Cracks in the air d i f f u s e r , mostly at f i t t ings and around vanes and tubes ,
caused approximately 5. 25 percent of the eng ine re turns , largely on T55
engines. Eventually, this part became field replaceable. How ever , this
repair is difficult  and t ime-consuming.  Air d i f fuser  cracks are  not con-
sidered a safety-of-f l ight fa i lure  mode.
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ALL ENGINES
UNSCHE DUL ED NECESSA R Y  ENGIN E CAUSED

1656 R ETUR NS 5.468,608 FLYING HOURS

50
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Figure  18. Composite Eng ine - Eng ine-Caused Returns
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Furb ine  blades , b lade re tent ion , and tu rb ine  disc problems cons t i tu te  the
next  c a t e g o r y .  Wh ile these  problems have a low f r equency  of occurrence
(on l y 12 per mil l ion hours ) ,  they resul t  in total loss of power , with little
or no w a r n i n g .

The “oth e r ” ca t egory ,  show n in Fig u r e  18, represen t  a group of eng ine
r e t u r n s  (ap p rox ima te l y 6 perce nt or about 20 per million operating hours )
tha t  a r e  r e tu rned  fo r va r ious  eng ine p rob lems;  but either the reason
cou ld not he conf i rmed  or the record s w e r e  incomplete, and they could
not he proper l y c lass i f ied.

Fab l e 3 l i s t s  the  components  responsib le  for  the  com pos it e engine-caused
r e t u r n s , ra nked by order  of occur rence ;  it also show s fa i lu re  modes and
their  f requenc y of occurrence.

Table  4 c ompare s  eng ine component-caused re tu rns  to the di f ferent  engine
models and application in the sample data.

R e t u r n s  Caused by Mainshaft  Seal Failures

Oil leaks and excess ive  consumption, due to oil seal failures, are the
la r g e s t  c o n t r i b u t o r  to en gine-caused depot re turns .  While not a safety-
of-fl ig ht fa i lure  mode , seal fa i lures  impose a considerabl e burden on
main tenance  act ivi t ies .  Even when seals a re  field rep laceable, it is
usual l y a d i f f icul t , t ime-consuming  job that requi res  removal of the eng ine
f rom the a i r c r a f t , special tools , and maintenance skills.

The seals descr ibed a re  carbon , posi t ive-contact  type and are  installed
around ma insha f t  bear ings  to prevent lubr ica t ing  oil leakage. Typicall y,
these seals must  per form in a severe environment , generally at su r face
speeds f rom 0 to 19, 000 feet per minute, at t empera tures  f rom ambient
to 800 ° F, and at d i f fe ren t ia l  p ressures  of 50 to 60 psi across  the seal for
both air  and oil sealing.

Tables 5 through 8 provide a s u m m a r y  of MTBD for seals by engine model,
p position, and year.  It shoul d be not ed that 59 percent (204 eng ines) of 346

eng ine-caused depot r e tu rns  were  because of mainshaf t  seals.

A discussion of the fa i lu re  modes , specific causes , and corrective action
follows.

I V. Bates , T53 R e l i a b i l i t y  and M a i n t a i n a b i l i t y  Quar te r ly  Progi~~ss Report ,
Avco Lycom i ng , Repor t  Number 1625. 5 . 12 , U . S .  Army Av i a t i o n  Sys t ems
Command , S t .  Louis , M i s s o u r i , December 1973.
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The o r i g inal N u m b e r  1 , Number  ~ ( fo r w a r d ) ,  ari d Number  2 ( a f t )  seals in
t h e  T S3  s e r i e s  eng ines ~- ‘e re  f loa t ing  ca rbon  r ing s w i t h  a smal l  gap be-
tw een  the  s h a f t  r u n n e r  and t h e  carbon.  These c o n f ig u r a t i o n s  w e r e  satis-
f a c tory fo r t h e  ear l y eng ine;  how ever , as the  en gine w a s  upra ted  and a i r
p r e s s u r e s  and t e r n p e r - t t u r e s  inc reased , t h e  ~ap  in the  seals allowed too
m u m . h  a i r f l o w  and t h r e e  element  s e g m e n t e d  c i r c u m f e r e n t i a l  seals w e r e
i n t r o d u c e d . Fi g u r e  19 show s the  T5~~- L- 1 1  N u m b e r  .~ package and its
opera t ing  condi t ions .  Figu re  ~0 show s t h e  N u m b e r  1 s eal , wh ich i~ the
same as t he T 5 3 - L - l 3  and T 5 3 -L - l l  engines .

Problem s occurring with  t he  N u m b e r  1 seal w e r e  carbon wear and coking,
which resu l ted  in oil leakage.  The ca rbon  wear  is a result of hig h inter-
face  p r e s s u r e  between the carbon and the  runner  at hi g h speed and power.
P r e s s u r i z a t i o n  a i r  of 53 psia at eng ine max imum power presses  the car-
h u n  segment s onto the  runner.  Carbon wear  then p rogresses  to a point
w h e r e  th e segments  a r e  no longer touching the r unne r .  This condition,
‘.‘, i s i ( - h produces  a min imum gap at full load and speed , is acceptable.
Cok ing and oil leakage are  a resul t  of two prob lems .  If the pressur iza t ion
a i r  at id le drops to too low a value, oil will leak past  th e carbons, cok e
up the  elements , and escape into the air  s t ream.  One fix that alleviated
th i s  problem was  the incorporat ion of six blow holes in the seal housing
t I~at  connects the  c enter of the seal to the bearing cavity.  Any oil that
leaks  past the  oil s ide of the seal will be blown back into the bear ing cavity
t h r o u g h t he se  holes.  Ano the r  cause  of the Number  1 seal c oking and oil
l eakage  was oil leakage of the fo rward  Number - ~ seal. The oil traveled
t h r o u gh the in t e r sha f t  area  and was blow n into the Number 1 seal with the
p re s su r i za t i on  air .  The solution to this  problem 1i~~s in th e adva nced
N u m b e r  .~ seal confi gurat ions.

The most  recent  improvement  of the Number  1 seal was a chang e to a
face  s eal confi guration. Figure  21 i l l u s t r a t e s  the desi gn. Thi s improved
face seal has been qual i f ied and is incorporated in the la test  T53 models.
Advantages of the face seal are  a pos i t ive-contac t  seal at shutdown , and
the centr i fugal  fo rce  tends to pump oil back into the bearing cavit y du r ing
ope ration.

• P The ori ginal Number 2 bear ing  package (Fi gu r e  ~~~ i - s  the  T53-L~~l3 ex-
perienced a hig h-speed oil leakage problem because  of a p r e s s u r e  di f fer -
ential ac ross  the package. This p r e s su re  d i f f e r en t i a l  of 10 psi ac ross  the
bearing cavity caused oil to leak out of the  fo rward  seal. The problem
was solved by connecting the forwa rd air cavity to the center of the aft
seal , creating a z e r o - p r e s s u r e  d i f f e ren t i a l  ac ross  t i-se cavity.  An oil
leakage problem remained at low speed s due to insuf fic le i st  a i r - te- -oil
p r e s s u r e  d i f fe rent ia l .  This was  eliminated by increas ing  the scavenge
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I

OPERATING PRESSURES

IDLE MAXIMUM

( 12.500 RPM) (25.000 RPM)

EXTERNAL FWD 4.0 pu g 37.0 pug
EXTERNAL AFT 1.5 pug 21.0 ps ig
AFT PRESSURIZATION 4.0 psi 9 36.0 psi9

AIR TEMPERATURE 300°F 600°F

UP~~~~ SEcTION 

-

CARBON ELEMENT

2274 DIA

FORWAR D

4.020 D IA.

_ _ _  -

ALL DIMENSIONS IN INCHES

FIgure  19. T 5 3 - 1 . - l i  Number  2 Bearing Package
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—
~~~~~ 

— OPEHAT ING HEIGHT

SHIM STOCK

[ 
SEAL

HOUSING

±
CARBON S tNT

RUNNER

SH A F T

Figure  2 1. Number I Bearing Face Seal Instal lat ion

line cross-sectional area from 0. 230 to 0. 430 inch diameter as show n in
Figure  22 . Increased oil scaveng ing reduced the bearing cavity p r e ss u r e ,
which increased the air-to-oil p ressure  d i f ferent ia l .

A carbon elem ent coking problem then developed. The new double segment
p seal s, being extrem ely tight on the shaft runner , allow ed neglig ibl e air-

flow into the bearing cavity, and excessive oil gathered around the carbon
segments, causing coke to form.  Coke pads then caused the carbon seg-
ments to stick open and allow excessive airflow into the bearing cavity.
This problem was solved by developing a sing le-segment element (3-piece
sawcut) confi guration (Figures  23 and 24), which permits a controlled air-
fl ow into the bearing cavity from the start  to keep the seal element clean
and f ree  of coke deposits.
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OPERATING CONDITIONS

IDLE (13.000 RPM) MAXIMUM (25.000 RPMI

EXT ERNAL FWD. 7~0 pu.g 50.0 psig

EXTE RNAL AFT. 4.0 psLg 60.0 psig

AIR TEMPERATURES 350’F 800° F

F O R W A R D

730 DIA SCAV ENGE LINE IO RIGINA I -

BE FORE

SEAL A IR PRES SUR IZA TION 
- -

p ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ON SEGMEN~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FORWARD

-* 430 DIA . SCAVENGE LINE AFTER MODIFICATION

AFTER

Figure  22. T53-L-13 Number 2 Bearing Package Schematic
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The sawcut seal desi gn (Fi g u r e  23) is a pos i t ive-contac t , sing l e ca rbon
rin g cut  into t h r e e  equal segments  for  sealing. Three  sawcu t s  or joints
a r e  f rom 0.0009 to 0 .012  inch wid e when installed on the runner .  The
total o r i f i ce  area was 0.0001 square inch.

When the bore of the carbon sealing segments wears in the sawcut seal
des i gn , the sawcuts close. As the bore of the segments w e a r s , t h e  s a w cu t s
close completel y at room tempera ture, and the ca rbon  r in g b ecomes a
cont rolled gap seal. This controlled gap between the runner  ari d carbon
r ing  is 0. 005 inch maximum at room temperature .

During eng ine operation, the runner  grow s because of speed and tempera-
ture .  At the ground idle power setting, the average  carbon runner  gap
would close to 0. 002 inch. Above fli ght idle, the average  carbon runner
gap would be negligibl e, and the joints  between the carbon elements woul d
beg in to open.

G A R T E R  S P R I N G

.009
j.0 12

SAWCUT 3-PLACES

+

Figure 23. Number 2 Seal for Improved Scavenging Airflow Sawcut
Seal Design
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LEG END

o NEW DOUBLE SEGMENT SEAL

V WORN DOU BLE SEGMENT SEAL

• SINGL E SEGMENT SEAL

A FACE SEAL
50,1)00 — --- --- -

•2

10 .000 — —  — — . .

z

w

0

/

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

g 4.000 — --- - - .

/ 
- - -~~~~ 

— 
.-- — —

0 — —i,~~~~-— —4.— I-~~~ 
50 60 70 80 90 100

SHAFT SPEED — PERCENT

Figure 24. Typical Number 2 Bearing Package Airflow Versus Shaft Speed

_ _ _ _ _ _  

- 
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This sawcut configuration is now operating successfull y in the T53-L-13B
and T53-L - 70 1  eng ine models.

Fig u r e  ~4 presents  airflo ’~v m e a s u r e ment s for t he d oubl e se gmen t con fi gu-
rat ion, new and used , and the sing le element sawcut  design.

a backup f or th e si ng le element  desi gn , face  seal s ( Figure 25) have
been developed.

The airf low experienced with the face  seal confi gurat ion is also p resen ted
in Fig u r e  24.

— — OPERATING HEIGHT

_____ 

I 
_ _ _ _ _ _

_ _ _

-~~~~~~~~~~~~~

I t  _ _  

_

— .— OPERATING HEIGHT

Figure 25. Number 2 F3earing Face Seal Installation
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.-\ \Veibul l  plot (Fi g u r e  ~~) was made for  the Number 2 fo rward  s eal from
a samp le of 300 engin e r e t u r n s , including 32 seal leakage events.  A char-
ac te ri s t iC  l i fe  of 1, 74 K  hours  was  establ i shed , at whic h point 63 percent
of the seals would have fai led.  The slope ~ was d e t e r min ed t o be ?. 16,
ind ica t ing  a posit ive corre la t ion between t ime and fa i lu re  rate. A Weibul l
plot (Fi g u r e  27) was also prepared for  the Number  1 s eal. Again , 300
eng ine re tu rns  were  used with  20 seal fai lures occurr ing,  which gives a
charac t e r i st i c  l i fe  of 2 , 980 hours  at which 63 percent  of the seals would
have  fai led.  The slope of the r eg ress ion  line in this case  was 1.60. Both
the  Number 1 and the Number 2 s eal s show increasing fa i lure  rates with
res pect to t ime;  never theless, wearout  was not the pr ime fa i lu re  mechan-
ism. Rather , buildup of coke deposits with  respect to time was the most
likel y cause , accumula t ing  to a point at which the segment f roze  and le~ k-
age occurred.

Returns Caused by Bearing Failures

.\s previously mentioned , for  the eng ine-caused category,  oil contamina-
tion is the second hi ghest cause of eng ine r e tu rns  for  overhaul. Even when
the offending parts  a re  field replaceable, aviation units a re  reluctant to
place  an engine back into service unless they are absolutely sur e that all
contaminant s have been removed from the lubr icat ion system, pumps ,
lines , hoses , coolers , bearing cavities, and internal drilled passages.

This stud y revealed that for the selected eng ine sample, most  of these
ret u r n s we r e caused by bearings and , more specificall y, that the most
f requent  fa i lu re  mod e was bearing outer race rotation , follow ed by cage
and roller fa i lures .  Race rotation is not a safety or mission impacting
event but often generates  enoug h metal to tr i gger the Spect rometr ic  Oil
Anal ysis Program (SOAP) alert  or to illuminate the chip detector , which
may cause an aborted mission or a precautionary landing. A cage f r ac tu r e
is a safety and mission impacting event that usuall y r e su l t s  in total engine
fa i l u r e  and a forced landing . Most cage fa i lures  gave insuff ic ient  warning
for either SOAP or the chi p detector to be e f fec t ive  (see Table 14, Page
103). This is discussed in more detail under the diagnostic section. Table
9 show s the bearing MTBF’ s for the T53 eng ines at selected positions for
a period of several years .  Of these, the Number 21 bearing caused the
most didficulties , due in part to misalignment between the shaft and bear-
ing. A Weibui l plot (Fi gure  28) show s a B slope of .49 or a fai lure rate
decreasing with t ime. This is to be expected since misal i gnment leads
to an ea rl y fa i lu re ,  and if initial ali gnm ent is s a t i s f a c t o r y ,  the bearing
will  last  its normal life. Historical  development of these  bearing s and
their  modif icat ions a re  summar ized  as follows:
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\with er ~ 1 Rearing — The p r o b l e m s  o b s e r v e d  in t h i s  po s i t ion  resulted
t r o t i i  f o t -  ed r o l l e r  skewing .  In p a r t i c u l a r , t h e  Illn ction of the bearing is
t o  s u pp o r t  t h e  power  t u rb i n e  s h a f t  at a f o r w a r d  c~~g j t i & ~ p o s i t i o n .  D u r i n g
o p e r at  m t , t h e  b e a r i ng  pos i t ion  s h a r es  suppor t  of t h e  s h a f t  w i t h  the power
t u r b i n e  b e ar i n g  a s semb ly and the  power  s h a f t  p o w e r - t ran sm i t t i n g  sun
L z e a r .  [his  r e d u n d a n c e  in suppor t  g ives r i s e  to m i s a l i g n r n e n t s  a t  t h e  NIlrn-
)e r  ~!l b e a r i ng  l o c a t i o n , and consequen t ly to f o r c e d  rol ler  skewing . The
rol ler  s k e w i ng  p r o b l e m s  w e r e  ma n i f e s t e d  as r e t a i n e r  b r e a k ag e  n the
I~~3 - I - 1l and rol ler  end wea r in the T 5 3 - L - 13  eng ine. The r e t a ine r
b r e a k a g e  p rob lem was  resolved on the T53-L-11 by s t r eng then ing  the  re-
ta in e r  d e s i g n .  The T5-~~- L- 13  ro l le r  end w e a r  problem was  v i r t u a l ly eli-
mina t ed  by i n c o r p o r a t i n g  improved  cont ro ls  in the  skew r e s t r a i n t .

The  problem encountered  in the  N u m be r  21 bea r ing  of the  T 5 3 - L-J  3 eng ine
is one of ro l le f  end wear .  In most cases , the end wear is limited to a
sing le r o l l e r , a nd ul t imate f a i l u r e  r e su l t s  f rom retainer  damage  caused
h-c th e worn  r oller .  Failure s ta t i s t ics  indicate that the incidence of f a i lu re
is the  g r e a t e s t  d u r i n g  the  f i r s t  200 hours  of s e rv ice  operat ion and that , if
t h i s  per iod is s u r v i v e d , a g r e a t e r  re l iabi l i ty  is achieved.

Examination of fa il ed bearings led to the conclusion that the fa i lures  were
t h e  resul t of s k e w i ng  of t he  roller , which  causes  the bear ings  to move and
:he  ro l le r  end s to slid e agains t  the outer  ring shoulders.  This condit ion
c a n  ie c rea ted  by shaf t  m i sa l ignmen t, improper  geomet ry ,  or sha f t  ex-

~ursions. In th i s  engine application, it has been established that  the
ro l ler  end radius  breakout -po in t  dimension a f fec t s  the rate  of end wear .

An engineer ing  change was processed to l imi t  the end rad ius  b reakou t  and ,
con s equent l y, l imit  the roller skew ang le. This improvement in design of
the  ~um b e r  21 hearing,  which allow ed the i nc rease  in MTBD I required
no change in the s i z e  of the bearing or its B 10 l ife.  This chang e, which
r e s u l t ed in a Lycorning P/N  1-300-082-01 Revis ion “D” bearing , was
incorpora ted  (October 1970) in Lycoming engines beginning with ser ial
numbers LE 22802 for the T53-L-13B engines and LE 30112 for the T53-
L-701 engines. These eng ines were  closel y monitored to evaluate the
impact  of the desi gn change. The following are  the resul ts  achieved for
this  block of eng ines f rom October 1970 throug h August 1972:
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N u m b e r  21 R e v i s i o n  “D” B e a r i ng s  ( l - ~~00-0K ~~-0 1)

• N u m b e r  of eng i n e s  w i t h  Rev i s ion  “D” h e a r i n g s  Th 5

B e a r i n gs exceed ing  Z OO h o u r s  56’)

Bear ing s exceeding 500 h o u r s  248

Bearings  exceeding 1, 000 h ours  20

Number of major overhauls on the (985) engines 47

Failures reported 0

Total fl y ing hours  acc umulated on Revis ion ?C DU
Bear ings  307 , 400

The Revision 11D 1’ Bearing accumulated , as of Augus t  15 , 1972 , Over
300 , 000 hours  wi thout  a fa i lu re .  A total  of 569 eng ines out of 985 in the
samp le being monitored , surpassed  the his tor ical  200-hour  cr i t ical  f a i l u r e
lev el . Prior  h i s to ry  on bearings without  this  change showed that  a lmost
50 percent  of bearing fai lures occurred prior to 200 hours.

Aside f rom this group of eng ines that were  monitored , the Revision “D 1’
bearing was also installed in overhauled eng ines. As of June 1974 , the r e
were  no known failures of this improved pow ershaf t  bear ing with over 2
million hours service time. The MTBD on the bearing s prior to Revision
“D” had been 45 , 000 hours.

Number 2 Bearing - Eng ine re turn  causes affect ing this bearing are  split
between outer race spinning and roller end wear.  The roller end wea r
problem was reduced by providing balanc ed forward  and aft lubrication
and c ooling and by introducing a roller design change. The roller change
consisted of conc entr ici ty and quality control of the roller end face-to-end
radius junction. Pinning of the outer ring to prevent rotation is now being
developed and is expected to be initiated in the T53-L-703 eng ine mod el.
The pinning des ign is also being introduced in the Number 3 bear ing to
maintain commonality between the bearings used in both positions. A sum-
m a r y  of Number 2 bear ing c onf igurations follows for  eng ine models T53-

I
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Lycoming Vendor
Part  Number  Iden t i f i ca t ion  N u m b e r  Description

1-300-013-04 5703 Bronz e Cage - Staked
Roller Pockets

1-300-013-04 5709 Bronze Cage - Controlled
Roller Retention

1-300-013-04 5706 Increa sed Strength Bronz e
Cage - Controlled Roller
Retention

1-300-013-05 457798 Silver-Plated, Steel Cage

1-300-176-0 1 5724 Bronz e Cage - Controlled
Outer Ring Thickness

1-300-176-02 461904 Steel Cage - Controlled
Outer Ring Thickness

1-300-176 -03 462642 St eel Cage With Roller End
Controls

1-300-176-04 5728 Bronz e Cage With Roller
End Controls

Also contr ibut ing to the increased ’bear ing reliability were  changes made
to the Number 2 bearing package which increased the oil scavenge flow
for the T53-L-l3 engines. The following tabulation show s the effect of
these changes on the mean-t ime-between-bear ing cage-fa i lures .  Figure
29 show s the improvement in mean-t ime-between-depot  (MTBD), due to
the reduction in bearing cage fai lures , for the T53-L-9,  L- 11, L-l3 /
13A/ 13B engines.- - ----4- ~~~4

1

1
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Figure 29. MTBD for T53 Number 2 Bearing Cage Failures

Number  2 Bearing Cage Failures

Mean-Time-
Between -

Engine Bearing
Flying Cage-

Design Confi gurat ion Hours Failures(hr)

T53-L- 13A Ori ginal Conf igura t ion  1, 783 , 375 78, 000

T 5 3 - L - 13 A  Engines With Increased 2 , 110 , 065 96 , 000
Oil Scavenge Flow

T53-L- 13A Engines With Increased 1, 830 ,970  141 , 000
Oil Scavenge Flow and New
Bearings , Lycoming Part

j  
Number 1-300-176-03/04

T53-L-13B Eng ines Incorporat ing 3, 812 , 000 760 , 000
Lycoming Part Number
1-300-176-03/ 04 bearings
and sawcut seals

1 
____ 
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Position Number  2 R e a r i n g  Outer  R a c e  R o t a t i on  - The N u m b e r  ~ )ea r i ng
package  in the ‘1’S — 1 . — i  1/ 1 3A 1 1113 engine  t ) i O ( I e l  has exh ib i t ed  a fa i l u r e
mod e of Number  2 h e a r i n g  outer  race  ro ta t ion  r e s u l t i n g  in t h u  w e a r i n g
a w ay  of metal , wh ich c o n t a m i n a t e d  t he  oil s y s t e m .  ( his p rob lem had been
a s s o c i a t e d  w i t h  impe l l e r  h o u s i n g  rubs  c a u s e d  b y loss  ot ~ c l amping bolt
t o rq u e  and p ilot  f i t  be tween t h e  a i r  d i f f u s e r  and t h e  i m p e l l e r  h o u s i n g s .

P ur i ng  d evelopment  t e s t ing  to i n v es t i g a t e  t h i s  p rob lem , cen t r i f u g a l  com-
p r e s s o r  rubs  w e r e  exper ienced  at the 6-o ’cloc k posi t ion of the  im p el l er
h o u s i n g .  Monitor ing of the  impel ler  h o u s i n g - t o - a i r  d i f f u s e r  bolts showed
loss of t o r q u e  when operating with  c o m p r e s s o r  d i s c h a r g e  t empe ra tu r e s
of I - 2 °F .  Invest i gation showed the  impe l le r  h o u s i n g - t o- a i r  d i f f u s e r  p ilot
d i am e t e r  sh r inking, approximately 0. OZ ~ inch , , in i sa l i gning the  c omp r e s -
sor ro to r , and resul ted  in impeller housing rubs  which  con t r ibu te  to ab-
no rma l fo rces  in the Number  2 bearing.  E n d u r a n c e  tes t ing  using an ex-
tended bolt and a Spac er ( for  expansion compat ib i l i ty )  was completed.
-\ d etailed rotor clea rance check at the end of the tes t  showed the com-
p res so r  main bearing alignment to be unchanged.  Race  rotat ion tendency
then  was  t u r ned “on ” by misal igning the rotor  and tu rned  “of f ”  by the  use
of th is  improved clamping configurat ion in the test  cell . This  improve-
ment  has been incorporated in the T53-L-701  and T53-L-13B eng ines.

Field expe r i ence  showed the following improvement :

Number of Eng ines
Returned to Depot

Due to Number  2 Bearing
Outer Race Rotation MTBD

T 53 - L- l 3 A  130 49 , 500 Hours
(No Fix)

T 53 L 13B 34 112 , 000 Hours
(With Fix)

Further  improvements in the pilot fit of the compressor  rear shaft  re-
duced a possible shift  in the rotor stackup. Incorporation of this improve-
ment is expected to f u r t h e r  reduce Number 2 bearing outer race rotation.
Although the MTBD (due to Number 2 bearing outer race rotation) has
more than doubled , outer race rotation has not been totall y eliminated.
However, a design to effect mechanical pinning of the Number 2 bearing
outer race has been formulated and fabricated and is now incorporated
into the T53-L-703 engine.
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L u  jfl(~ r e~ 5 t  in t h e  1 e d ;  — t i m e —  b e t ”  een depot  ( M T R D )  due  to t he  r e d u t  t i o ;
in cage f a i l u r e s  a n d  r n  (‘ r o t a t i o n  show n in Fi g u r e  29 and t h e  abov e t a b l e
r c a i l l c d  in ii: OH r e a s e  in t he  MTI 3 D for  t h e  T 5 3 — L — l  se r ies  eng ines .
This  i n c r ea s e  w a s  r H o :  34 , ( k  3 h o u r s  fo r  t h e  T 5 3 - L — 1 3 A  to 62 , 500 h o - :r s
fo r  t h e  F~ — L —  1313 . A l I of t h e  o p e r ;it  ing  h o u r s  wi th  t he  T 5 3 — L — 1  3B a r e
~v i t}  t he  nc ’~- . c o n f i g - r ;i J ia~i ’-, , w h i l e  t I c  ‘I’ S l — L — l 3 A  had a mixed ~or f i g a r a —
t i o n .

‘-~um 1 t : r s  I and -l R e a r i ng s  — The reported problem in N u m b e r s  1 a n d  -1
h e a r i n g s h a s  bec~ - r et .~ n - c r  land 4 -rea r a n d /or  b r e a k ag e  o c c u r ri n g  on t~ :e
h e a r i n g  sj d  e , p p : )  - i t e  t h e  l u b r i c a t i ng  oil j e t .  The b e a r i n g s a f f e c t e d
f e a t u r e  an in n e r - l a i c :  p i lo ted  s i l v e r - p l at e d  b r o n z e  r et a i n e r .  The inner-
la n~ pi lo t ing  de~ i g n , in o,~~ u n ct i o n  ~v i t ~ s ide  l ub r i c a t i ng  oil j e t s  on one
h e .t  r i n g  t c , has cc;: I o : i n d  to ‘e s e n s  i t i  - c  to oil f low and oil di  ; e t i o n
a n o m o lie s .  An ou te r - l and  ~~ o t i r i g  steel r e ta i n e r  des i gn was  found to ha ’;c
g r e a t er  co mp a t i b il i~ \ w i t h  t h e  lub t’icat ion method a - - ed . ( ‘he de - - i g ; :  - ‘ s
been re le ed for t h e  N i , ; ; ; ~~~-r  ‘1 l oca t ion , an d d e v e J d l ’n e n t  a c t : - ~ i t 0 - a rI ’
u l i n n e d  fo r  its i n c o rp or a t i o n  in t h e  Number  I l o cat i o n .

T55 E~~~~ ie Bea ri~~~ P r o h l e ; ;’ -

The  f o l l o w i n g  L e a r in c  p ; - c  ~t e ; i :~ r e l a t e  to e n g i n e  mode l  T55.

N u m b e r  2 0 - i t e r  R a c e  R o ta t i o n  - An an t i ro ta t ion  p in was in t roduce d  to the
T 5 5 - L- 5/ 7 / 7 C  e ; g i : l I ’ - to p r e - - e n t  ou t e r  r ing  ro ta t ion .  Newer  v e r s i o n s  oi
t h e  155 eng ine i n c o r p o rat e  t h i s  cL an g e , e. g. , T 5 5- I . - l 1  and L l C 4 B -~~l) .

‘N u m b e r s  6 an d  7 B e a r i n g  ( c i t e  ‘- ] -Lce Rota t ion  - The b e a r i n g s  in this  posi-
t ion a r e  re qu i r ed  to float axiall y w i th in  the  housing to accommodate  re-
lat ive t : .t ’rma l  g rowth  be tween t h e  outer s t r u c t u r e  and the shaf t .  This

u , t 4 r e  m a k e s  it d i f f i cu l t  to adapt  pos i t ive  pinning,  as it would imped e
axial fl o a t i n g  of the  ou te r  r ing .  A desi gn c h ange  h a s be en incorpora t ed
in  t h e  L I  ( ‘4 h - 8 D  to i n r o du c e  e las tomer ic  0-r ings  in outer ring g r o ov e s .
The f r i c t i o n  imposed b y t h e  0 - r i n g s  has been beneficial  in prevent ing

P rotat ion wear .

Mechanical Torquemete r  Bearing - The use of a single bearing in the
cam follower of the  mechanical torquemeter  g ives r i se  to a substantial
cocking motion of the cam follower;  this has caused retainer breakage in
some bear ings  and rubbing of the cam follower face against the shaft
shoulder in others.  The rubbing probl em was corrected by ;‘~~‘iiding run-
ning c learance between the shaft  shoulder and cam follower
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Compressor  Rotor Problem s

All of the engines returned to overhaul for compressor  problems were
associated wi th  the  T53 series eng ines that ut i l ize a s ix-s tage  (f ive  axial ,
one cent r i fugal)  confi guration. In the order  of f r equency ,  these  problems
are :

a. Frac ture  of the second - and f o u r t h - s t a g e  discs  (blade
tenon area).

b. Fracture  of a centr i fugal  impeller vane.

c. Fracture of centrifugal impeller a t taching bol ts.

d. Rupture of the second -, four th- , and f i f th - s t age  disc.

e. Compressor blade fati gue.

Most of the items listed above may r e su l t  in a safety or miss ion-affect ing
event with no warning sinc e these fai lure modes were  not detectabl e with
the maintenance or on-board diagnostics.

In general , these compressor problems can be separated into three
groups :

a. Those compressor disc f r a c t u r es  and ruptures  caused by
inc r eased operating s t resses  in uprated eng ine models.

b. Blade and impeller vane fractures associated with abnormal
stress and vibration caused b y inlet blockage or other engine
compon ents.

c. Noisy compressor operation during sta rtup or shutdown
periods due to fractured bolt(s) in a twelve-bolt impeller
mounting circle. The bolt f r ac tu res  were  caused by vendor-
material processing probl ems and did not result  in in-flight
shutdowns. However, sinc e they were  not field replaceable
these did cause the engine to be depot returned .
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The compres so r  problems a r e  d iscussed as follows:

T 53-L - 13  Fourth-Stage Compressor Disc Tenon Fai lures  - During 1969 ,
a si gni f icant  r i se  in the fa i lure  rate  of T5 3 - L - l 3  f o u r t h - s t a g e  compressor
discs  occurred.  Of 53 discs with confi rmed tenon fai lures , 52 failed in
Southeast Asia. Failure anal ysis  on the 27 failed discs by the Material s
Labor ator ies  at Avco Lycoming revealed that these  tenon failures occur-
red pr incipally by a s t r e s s - r u p t u r e  mechanism.  Statistical anal ysis indi-
cated that to forg ing and heat t rea tment  lot s of discs were  par t icular ly
susceptibl e to earl y fa i lu res,  these two lots were  then ret i red from ser-
vice. Other factors  of a n.-”nmetallurg ical na ture  may have contributed to
the p remature  tenon fa i lures .  The use of particle separators and environ-
mental (air)  conditioning un s placed additional demands upon the com-
pressor  and raised the possibility that eng ines were  re t r immed in the
field to maintain power. As a result , hi gher  fa i lure  rates were  exper-
ienced during the summer months.  These possibilities suggest  it is not
always cor rec t  to assume that operation is in s t r ic t  compliance with en-
g ine specification limits.

Metallurgical testing and examination of failed and high-t ime unfailed
discs indicate that the coarse grain size in certain groups of discs was
consistently relatable to the tenon fai lures .  Ri g tes ts  of new coarse and
f ine-gra ined  discs verified the increa sed strength of fine grain size.
Previously, the significanc e of this parameter  was not realized by the
aluminum industry;  this explains the absence of a g ra in - s i ze  requirem ent
in the (disc) material specification (AMS 4135), which is used in a wid e
var ie ty  of applications throughout the aerospace industry.  The new know-
led ge about the effects of grain size has led Avco Lycoming to specif y
f ine-gra ined material from its forg ing vendors.  Additional work has show n
that al terations of forging grain flow provid e f u r t h e r  effects  beneficial to
disc life.

Figures 30 through 34 show the compressor rotor with the damaged
fou r th - s t age  disc together wit h surface  f r ac tu r e  in the tenon area. Figure
35 , a Weibul l plot of the four th-s tage  disc fai lures , indicates a slope of

- - — 1. 20 or an increasing failure rat e with respect to time.

A Product Improvement Program was initiated in 1963 to provide com-
pressor component s with increased strength, durability, and corrosion
resistance by utilizing the superior character is t ics  of titanium. During
1963 , a titanium compressor rotor was desi gned and fabricated to demon-
state the potential improvements to existing assembly techniques , main-
tainability cr i ter ia , and environmental influences experienced by the
rotor during its operation. This rotor desi gn demonstrated, via 400 hours
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Fi g u r e  31. Front  Overall View of a Four th -S tage  Compres so r  Disc
W h i c h  Sustained Fai lure  of a Sing le Tenon

- 1 1. 1 p a O l  t i  l ’If . uSe IS ON THE LEFT~~~

F i gu r t ~ 32 . F r a c t u r e  Su r f ace  of a Typical Tenon Which Was
Completel y Severed
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F g u r u  33 . Fracture S i r t a ,  e of a T yp ical Tenon W h i c h  S u s t a i n ed
Separa t ion  of Onl y Its F o r w a r d  Position

of su c c e s U f u l  eng ine  t e s t s  ( a c c e l e r a t e d  ag i n g  and MQT engine c y c l e s ),
t h a t  t h e  d e s i g n  ob jec t ives  had b as ica l l y been met .  Cont inuat ion of t h i s
p r o g r a m  w a s  not sponsored  and f u r t h e r  d e v e l o p m e n t  of th is  des i gn re-p 
m a i n e d  d o r m a n t .  W i t h  the  a d v e n t  of eng ines w i t h  i nc reased  o p e r a t i n g
spe ed s an d  m o r e  s eve re  e n v i r o n m e n t s , t h e  p ro jec t  was  r e - i n i t i a t e d  in
I ~ t ‘7 to  c o n t i n u e  t h e  d e v e l op m e n t  and ev a l u a t i o n  of t h i s  des i gn concep t .

- -~ ~~~~~~~~~~~~ -~~~~~~~~-.—

-
~~

-. 

_ _

( NOIt THAT TII~ CRACKI NG IA RROWS) IS MULTIPLE

—~~~~~~~~~~ P A R A L L E L . AND AT AN ANGLE OF APPROXIMAT ELY

- 

‘ 4b TO TH) FRONT FAC t Ci THE TENON)

Fi g n r e  34.  T yp ical  Cracked  Tenon
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The T 5 3 - L - 13 / l  3A f ie ld  e x p e r i e n c e  had show n t h a t  t h e  s e c o n d - g e n e r a t i o n

t y p e  of gas t u rb ine  eng ine needled a s t r o n g e r , more  d u r a b l e t ype of com-
p r e s s o r  rotor disc a r r a n g e m e n t .  Hence the  t i t a n i u m  c o m p r e s s o r  d i scs
w e r e  fu r the r  developed and b ec a m e  the  main  f e a t u r e  of the  c u r r e n t  T53-
L-1 3B engine. The change  f r o m  a luminum to t i t an ium d i scs  resul ted  in a
design str ength i m p r o v e m e n t  f r o m  -47 , ~00 psi to 113 , 000 p si  at o p e r a t i n g
tempera tures .  The T~~3 - L - l 3 A eng ine expe r i enced  an MTBD of 16 , 000
hours  with the a luminu m d i scs  w h e r e a s  the  T5~~- L- l 3B  en g ine , w i t h

t i tanium compressor  d is c s  ( o n e - p iece des i g n ) ,  has  a c c u m u l a t e d  over  3. 8
million ho urs  wi thou t  a f a i l u r e .

Cen t r i fuga l  Impeller  - D u r i ng  197 1 , vane f r a c t u r e  of t h e  T 5 3 - L - 1  lB
cent r i fugal  impeller became  a prob l em . The f a i l u r e  mode  c o n s t i t u t e d
c r a c k i n g  ai~d / o r  comple te  b r e a k o u t  of a vane s ec t i on  b y f a t i gue.  F r a c t u r e
ori g in was observed  at app rox ima te ly vane  midspan ,  j u s t  above  the  f i l le t
r ad ius , at the  concave  s u r f a c e  of the  v an e  ( s e e  Fi g u r e  36) .  C r a c k  propa-
gation took place  alon g t h e  v a n e  l e n g t h  in both f o r e  and a f t  d i r e c t i o n s .
W hen complete s ec t i on  b r e a k o u t  w a s  exper i enced , c r a c k i n g  t e r m i n a t e d  at
the  vane  outer  ed ge.

•1 
~~‘

.4-

~ ~~~~
- . Centrifugal Impel ler  Showing Vane  Damage
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Most of the  impe l l e r  f a i l u r e s  w e r e  ori g inall y r e tu rned  due to hi gh EGT or
surge.  Teardow n at depot revealed  that  the  impel le r  f a i l u r e  and the  data
\v ,a s changed  to i m p e l l e r - c a u s e d  r e t u r n .

:\n invest iga t ion  into possibl e c a us e s  of t he  p rob lem revealed:

a. Impeller  r e sonance  was  o c c u r r i n g  at Ni speeds of 9 2 - 10 4
percent .  However , tes t in g d id not indicate  s t resses  of
s u f f i c i e n t  ma gnitude to cause  f a i lu re .

b. The exciting f r e q u e ncy was of the 28th order  and was in-
duced b y the f i r s t  rov~ of 28 a ir d i f f u s e r  vanes.

Add i t ional  v ibra t ion  tes t ing was  p er f o r m e d  to d e t e r m i n e  the  na tura l  fre-
q u e n c i e s  in order  to aid in the development of the final desi gn confi gura-
tion. The tes t  showed that the s tandard vane had a na tura l  f r eq u e n c y
( th i rd  mode)  of 10 , 440 1-1, which  is in close agreement  with  that measured
dur ing  eng ine tes t ing . It was this test ing,  plus the full eng ine testing,
which  prompted the i nc r ea se  in vane t h i cknes s  to get the  impeller resonant
f r e q u e n c y  beyond the normal  eng ine operating range.

Th e r e  is a si gn i f i can t  d i f f e r e n c e  between eng ine operation (miss ion  pro-
f i le )  for  the UH- 1 and the AH- 1G. A review of the miss ion  p ro f i l e s  for
each a i r c r a f t  indicates that t he  A H -l G  t r a v e r s e s  the cr i t ica l  speed r an i ~e
m o r e  f requen t ly than the UH-1;  consequent ly, the  resonant  f r eq u e n c y  of
a spec i f i c  impel ler  was  reached more  often du r ing  a typical A H -I G  mis-
sion than du r ing  a typical UH -1  miss ion .  For examp le , an impeller  w hos e
resonant  fr equency occurs  at 94 percent Ni might experience a resonant
condition onl y 6 to 7 t imes dur ing  a typ ical UH- l  ( t roop t r anspor t )  mi s s ion,
hut  as m a n y  as 26 or 28 t imes dur ing  an A H -IG  (a t tack)  mission.  For this
reason , the mean- t ime-be tween- fa i lu re s  for  eng ines installed in the U H - I
was  2 . 4 t imes  that for eng ines installed in the AH - I G  (28 , 000 hours  versus
11 , 594 h o u r s ) ,  based on 811 , 900 hours  and 29 impeller  f a i l u r e s  in the
U H - 1  eng ines and 382 , 600 hou r’s and ~3 f a i lu res  in AH- 1G engines.

A new th i cke r -vaned  impeller  was te sted with success fu l  results.  The in-
c rease  in vane th ickness  changed the natural  f r e q u e n c y  of the vane in a
ma nner such that r esonance was  no longer experienc ed w ithin the normal
eng ine speed reg ime. In addi t ion , Avco Lycoming Mater ials  Laboratory
tes t ing determined that  the average  ei~du rance  s t rength  of impeller vanes
could he fu r the r  improved b y glass -bead  sur face  peening. Impeller speci-
mens with glass-bead peened aerod ynamic sur faces  displayed an increase
in min imum hig h-cycle fati gue endurance l imit  as much as 70 percent.
Consequentl y, in November of 1971 an improved impeller with  increa sed

_ _  - 

85 

~ 

_ _ _



thickness and glass-bead shot-peening was approved. Because of the long
lead time required for castings , shot-peened thin-vane impellers were
incorporated into the overhaul system in February  1972 , and thick vaned
impellers were introduced into the system in May 1972 . Figure 37 show s
the improved fatigue life with glass-bead shot peening.

Although there were over 360 eng ines with vane f rac tu res  reported on the
original thin-vaned impeller , there  have been onl y five shot-peened thin-
vaned impeller fractures reported and there have been no failures re-
ported on the thick-vane impeller.

Fifth-Stage Compressor Disc

Stress rupture was also the failure mode on the f i f th-s tage  compressor
disc on the T53-L-ll  series eng ines. This disc , made from aluminum
alloy, was also affected by the increased operating temperatures  asso-
ciated with the power demand s and high ambient temperatures  experienc ed
in Vietnam. Like the T53-L-13A , the solution to this problem was the in-
corporation of a f i f th-s tage  disc made of t i tanium. This chang e also in-
corporated a heavier four th-s tage  spacer. Sinc e the incorporation of
these features , no fu r the r  problems have been encountered.

Air Diffuser

The problems associated with the air d i f fuser  are  mostl y due to air or
oil leakage caused by cracks around vanes, transfer tubes, and fittings.
These defects are not usuall y mission or safety impacting, but , because
the air  d i f fuser  was not field replaceabl e, the eng ine had to he returned
for overhaul.

Improvements in the air d i f fuse r  design included fitting attachment
changes, an increase in parent material  thickness , and improved welding
techniques. In addition , the air  d i f fuser  was made field replaceable on
T55 series engines.

Turbine Blades

Turbine blade fa i lures  were  anal yz ed and fa i lu re  modes w e r e  identified.
The use of hollow-core blades to reduce wei g ht and to provide cooling air
passages introduces the possibili ty of cas t ing  or manufac tu r ing  variations
reducing blade life. If a hollow core blade has a reduced wall thickness
resulting from improper cas t ing or inspect ion techni ques , the s t ress
levels in the remaining material  a re  considerabl y hi gher than anticipated.
The f a i lu re  mod e of these blades is usual l y identified as s t r ess - rup tu re .

86



:ET;~1~~~~Ei~
< ~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I

~~~~~~~~~~~~~~
~ 

~~~~~~~1E E ~

~EEIItIIIk IH±~~Il
~±TITi~~- 

t LLL _ 
~~~~L .

‘$)I S5381S Vdfl~~IX VVd

87



The u s e  of i m p r ov e d  m o n i t o r i ng  pr o c e s s e s  and qua l i ty  c ontrol t echniques
h a v e  been e f f e c t i v e  in min imiz ing  th is  type  of f a i l u r e  mode.

Another  turb ine  blade fai lure with s tress  rupture  as the failure mode was
caused by abnormal combustion t empera tu res .  These hi gh t empera tures
a r e  brou g h t abou t by a va r i e ty  of operator , operational , and maintenance
fac to r s .  For example, an over tempera ture  condition may be caused by
overt  r im of the fuel  control , ei ther  by ignorance or overzealous mainte-
nanc e personnel  in order  to obtain m o r e  power f rom the eng ine. Abnormal
s t a r t i ng  t e m p e r a t u r e s  due to low s t a r t e r  voltage (low ba t t e ry)  or d i r ty
c ompressor , wron g fuel , and improper operator technique in the use  of
T i manua l mode ” fuel control operation are  the most common causes of
turbine blade failure.

Alt h ou gh the composite turbine blade fa i lure  rate was 8. 8 per mi]lion
hours , practicall y all of the events were  at t r ibuted to the T 5 3 - L -l lB
ope ration.

The turb ine  blade fa i lure  rat e on the T53-L-l3  series eng ines is much
lower than on the T 53 - L - l l  series even thoug h operating tempera tures
are  comparable and there  a re  four turb ines  instead of two. This achieve-
ment  was accomplished mainl y by the use of improved high- tempera ture
mater ial.

Power Turb ine  Oil Impeller

Earl y T53-L-13B eng ines incorporated oil impellers to aid in the re turn
of oil f rom the power tu rb ine  bearing package to the surnp. These im-
pellers w e r e  silver plated to minimize f re t t ing  of the contact su r faces .
However , due to poor adhes ion , the silver plate flaked and contaminat ed
the oil sys tem . Since several bear ing cages were  also silver plated , the
source  of this contamination could not be determined without complete
eng ine disassembly. Hence , the eng ines w e r e  re turned to depot.

The use of si lver plate on these  impellers was discontinued in favor of
black-oxide coating , and no further problems were encountered.

Fuel Control Drive Spline Wear

During the  period covered by th i s  investi gation , one T53-L- l3  fuel con-
trol dr ive  spline fa i lu re  caused an emergency landing. The internal spline
on the drive  gear and fuel control male spline in ter face  are  subj ect to
fair l y hi g h loads that cause wea r unless some type of lubrication is pro-
vid ed. This si tuation is aggravated  f u r t h e r  by any misalignment of the
components.

88



Previous T 5 3  models used mal y bdenum d i s u l f i d e  lubr icant s that  w e r e
applied du r ing  fuel  con trol  ins ta l l a t ion .  However , wi th  the increased load
and hi g her fuel  flow m d  p r e s s u r e  r e q u i r em e n t s  of the  a tomizing fuel noz -
z ies incorporated  in t he  T 5 3 - L - 1  3 ser ies  eng ines , the incidents of fuel
control drive spline wea r inc reased . The addi t ion of a wet spline lubrica-
t ion system using eng ine oil solved the  problem. Since this chang e was
incorporated , fu el c ont rol spl ine wear  ha s be en min imal , with most en-
gines going throug h several TBO cycles wi thout  si gnificant wear pat terns
on either the internal spline or the male gear .

Sun Gear Retaining Bolt and W asher  - Th e plane tary  gear  sys tem used in
the T53 reduction gear t ra in  incorporates  a sun gear splined to the power
shaft  (see Figu re  38). The sun gear is retained b y a combination of
spher ical bolt and washer .  If worn , this bolt and washer  will allow the
sun gear  to move axiall y, the reby causing internal spline wea r between
the sun gear and the power shaft . Wear of the bolt and retainer  was
caused by inadequa t e lubr ica ti on and , to some degree , by mismatch be-
tween the two spherical s u r f a c e s .  A revised lubricat ion system was in-
corpora t ed by adding oil lubrication holes in the bolt and a nylon washer
tha t replaced the previous bronz e washer .  Since incorporation of these
cha ng es , the  sun g ear spline wea r problems have been eliminated.

RE VIEW OF EXTENDED-SERVICE-LIFE  TESTING

In-h ous e  extend ed- se rv ice - l i f e  (ESL) tes t  data was reviewed to de te rmine
the ef fec t iven ess of existing tes t  methods.

5 - 
- — 
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4 SUN ( EAR

POWER SHAFT

Figure 38. Sun Gear Retaining Bolt and Power Shaft Installation
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This ESL test ing included 17 , 600 hours  of mission profile testing, 730
hours  of forced f a i l u r e  test ing,  and 60 , 370 accelerated ag ing cycles.
These t e s t s  were  devised to s imulate  operation in a mil i tary a i rc ra f t  and
to subj ect the eng ine component s to low-cycle  fati gue excitation and to
operat ing conditions in excess of c u r r e n t  model specifications.

Table 10 , summariz ing  th is  ESL test data , show s a strong correlation
between test c ell information and field re turns  in some areas , but less in
others.  ESL test ing did reveal potential field problems for Number 2
bear ing seal leaks, to rquemeter  bearing problems, and air diffuser  crack-
ing. However , bearing race rotation problems later  discovered in field
operation were  not revealed during ESL testing.

The variance in rates may be due in part  to the fact that several design
changes were  introduced during the earl y phases of testing, but were not
always incorporated in production eng ines. This is part icularly t rue in
the case of the air d i f fuser  cracks.

The bearing fa i lure  mode of race rotation did not manifest itself during
the ESL testing. The absenc e of this failure mode can possibl y be attri-
buted to the low total number of hours accumulated, the small sample
size, and the use of more experienced personnel assembling the test
eng ines.

A revi ew of T53-L-13A test  data indicated that compressor disc stress
rupture problems occurred in the test cell. Intermediate corrective
actions included epoxy coating, shot-peening of the disc , and use of fine
grain material. The final solution to this disc problem was the use of
titanium material.

A mission profile similar to the one show n in Figure  39 was used for the
ESL testing. This profil e approximates typ ical a i r c ra f t  use and , as such
represents something of a t rade-off , sinc e it would not be practical  to run
extended testing on every mission the a i rcraf t  is likel y to fl y. It does ,
however , represent  the best ef for t  on the part of mi l i ta ry  and contractor
test eng ineers to reproduc e requirements and s t ress  levels that most of
the fleet will experience. Because of emergency situations many of the
missions actuall y flow n in Vietnam were more  severe than the mission
profi le  used dur ing the ESL testing. Examples of this are a i rc raf t  over-
loading dur ing  emergency evacuation proc edures and rescue missions.

Ideall y, eng ine manufac turers  prefer  to run extensive tests at all speed
and power settings and for all possible mission profi les;  but in the past ,
t ime was at a premium, particularly in the case of the up-rated models
of the T53 and T55 eng ines.
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Table 10. Comparison of T55-L-7 Field Experience and Extended -
Service-Life Test

Extended-
Service-

Field Life 
—

Component Number Rate x io 6 Number Rate x io 6

Number 2 Bearing 70 136 0 0
(Race Rotation)

Number 2 Seal

Forward 95 185 3 170

Aft 69 134 3 170

Torquerneter Rotor 19 37 3 170

Number 6 or 7 Bearing 19 37 0 0
(Race Rotation)

Air Diffuser Cracks

Vanes 12 23 1 56

Weld Lines 4 7. 8 3 170

Oil Pressure  Fitting 20 39 0 0

Field Hours = 512 , 406

ESL Hours = 17, 600

.4, __ _,. p

____  
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Figure 39. T55 Improved Reliability and Service Life Test Cycle

The practice now is to beg in ESL testing in the tes t cell , which is then
followed by continued testing in the a i r f rame at Ft. Rucker , Alabama.
Obviously, it is preferable to identif y items that could cause premature
returns before production is started. Conversion and modification pro-

p grams, which are costl y to implement , usually require  that eng ines be
returned before their scheduled TBO is reached. Often, though, there are
strong pressures  to verif y the initial design concept so that long-lead
items can be ordered for initial production, with the idea of fixing the
minor problems later. Unfortunately, these minor problem s that are
known beforehand cause premature engine returns to overhaul.
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REVIEW OF ENGINE-CAUSED RETURNS

Eng ines are  usuall y returned to depot with a generalized symptom descri p-
tion. Teardow n and anal ysis may provide the insight to identif y a sing le
component as the confirmed or suspected cause. Many of the eng ine
symptomatic conditions descr ibed are  representative of secondary eng ine
damage. For example, bearing failures invariably result in contaminat ed
lubrication systems;  seal leaks resul t  in high oil consumption or smoking;
s t ruc tura l  fai lure of compressor  or turbine parts result  in internal secon-
dar y damage;  and a fuel control problem can result  in an overspeed or
overtemperature that requires  an eng ine to be returned for a safety in-
spec ti on.

The composite eng ine, vi ewed fr om the point of unscheduled necessary
engine-caused re turns , is show n in Figure 40.

The percentages of depot re turns  for the composite eng ine and returns
and removal rates published in the T53 10-year report are listed in Table
11. Differences in the categories ’ percentages are  probabl y caused by the
smaller sample selected f or the analysis , the eng ine models selected
( including cornmerical), and the environment and t ime periods.

Oil Leaks and Consumption

Oil leaks and consumption relate to the seal fai lure modes discussed under
eng ine-caused components. Leaks and consumption are the diagnostic
indicators that maintenance personnel use to measure  the condition of
seals. In general , no specific data on individual seal leakage rates are
specified. Maximum consumption rates for the total lubrication system
are g iven in the field manuals.

Some effort  has been made to measur e seal leakage b y using a test kit
that has an electrically driven vacuum pump. When connected to the bear-
ing package, through existing scavenge or p res su re  lines , the kit will
provide an indication of the seal condition. This test must be done with

- 
p the eng ine in a static condition and , therefore, is not always representa-

tive of dynamic seal conditions. This test kit is used in manufacturing
testing and could be made available for field use.

Oil contamination is caused by metal particles in the lubricating oil sys-
tem and is usuall y the resul t of abnormal wear on an oil -wetted component.
In the case of the engines reviewed in this stud y, the component affected
the most was the bearings , although gears and spline wear did account
for a few returns.  It is generally recogniz ed that the Spectrometric Oil
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Table 11. Engine Symptomatic and Inspection-Caused Returns

Eng ine Selected
Returns  Engine

(lO-Year data) Groups of TBO Stud y

_ _ _ _ _  ___
(%) (%)

Oil Leaks/Consumption 50 38

Oil Contamination 14 29

Performance 30 28

Other 6 5

Anal ysis  Program (SOAP) has the capability to detect worn or defective
moving parts , such as bearings, gears , splines, etc. Excessively high
or increasing level s of metal in the oil could indicate that heavy wear or
spalling has occurred.  Therefore, the engine is in need of at least an
inspection, or perhaps an overhaul. Chip detectors, which are  capabl e
of picking up larger  metal chips in the oil flow paths , can indicate that
d ynamically s t ressed parts  are  spalling or f rac tur ing.

REVIEW OF ENGINE/SYSTEM DIAGNOSTICS

Spectrometr ic  Oil Ana lysis

Since 1 January 1972, 51 T55 engines were removed from aircraft for
depot returns as a result of SOAP (see Table 12). All of these engines
have been analyzed at the Corpus Christi Army Depot (CCAD) , as of
31 March 1975. Beg inning 1 April 1975 , Lycoming Reliability/Maintain-
abili ty.  (R&M)  overhaul personnel , who were  on site, began identif ying
those eng ines considered to be SOAP candidates. An eng ine is classified
as a SOAP candidate when teardown anal ysis at the depot reveals any

p discrepanc y that should have been detected throug h SOAP oil anal ysis ,
even thoug h the eng ine was not reported as being returned to the depot
because of SOAP. For the nine month s ending 31 December 1975 , 18
T55 eng ines shipped to the depot were SOAP returns  or candidates. Fig-
ure  41 i l lus t ra tes  the component causes found on these 18 engines.

2 j •  L i p nj c k a s , T 53 R e l i a b i l i t y  and M a i n t a i n a b i l i t y  Eva lua t ion  Progro m,
Avco Lycom ing , Repor t  Number 1 6 2 8 . 5 . 1 5 ,  U . S .  Army Avia t ion  Sys tems
Command , St .  Louis , Mis sour i , November 1974.
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Figure 41. SOAP Returns  or Candidates - Causes Found, T55 Engines
(1 April 1975 through 31 December 1975)
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Tabl e 13 ident i f ies  those f ive eng ines that  were  c l a s s i f i ed as SOAP candi-
dates. Figu re  42 g raphicall y p o r t r ays  the  causes  found by onsi te  R & M
personnel  for these same 51 SOAP eng ines.  Fig u r e  42 show s that over
49 percent  of all re turns  anal yzed w e r e  the resul t  of main shaf t  and Nun-i-
bers  6 and 7 bearing fa i lu res .  The data shown in Table 12 indicates that
bear ing s ~.‘ere t he most  common problem , par t icular ly rotat ion of the
Numbers  6 and 7 bear ing  race. As discussed earl ier , this  duplex bearing
supports the output shaft .  This bearing ’s ou ter race  is allow ed to move
axiall y to accommodate  the differential  thermal  growth of the eng ine and
pow er shaf t .

The second most f requent  cause  of SOAP-detected eng in e p r oblems was
the resul t  of improper installation or assembly tec h niques.

In an ef for t  to establish a correlat ion with know n hear ing  fa ilu re s , the
T53-L-l3B  eng ine r e tu rns  for  1973 w e r e  reviewed for  Numbers  1 and 21
bear ing fa i lures  and then cross-checked for SOAP, chi p detector  indica-
tions , and metal particles on the main oil f i l ter  screens .  As show n in
Table 14, there  w e r e  many eng ine re turns  whose records did not include
data regarding SOAP, chi p detector , and f i l ter  indications. In most cases ,
the chi p detector  and fi l ter  contained par t ic les .  A f u r t h e r  check of those
eng ines re turned , due to SOAP sample readout , reveal ed that onl y a
single Number 1 bearing and no Number  2 1 bearing s were  re turned due to
SOAP sample ( r e fe r  to Table 15).

Althoug h the SOAP program does predict  some sa fe ty -o f - f l igh t f a i lu res
prior to catas t rophic fa i lure, it also causes  the r e tu rn  of many eng ines
whose potential fa i lure  mode is not related to sa fe ty -of - f l ight. It is beyond
the scope of this report to determine the cos t - e f fec t iveness  of the SOAP
program. Nevertheless, anal ysis 3 has show n that :

a. The SOAP Program has show n itself to be 67 percent
effect ive in identif y ing actual problem eng ines in the field
(see Figure 41).

b. 28 percent of the eng ines that SOAP should have identif ied
in the field were  returned to overhaul depot for other reasons
(see Figure  41).

c. 89 percent of those eng ines re turned  to depot for  exceeding
SOAP limits were  found to have oil sys tem discrepancies
which just i f ied their r e tu rn  to depot (‘see Fi gu re  42).

R.  Ca rd ina l e , T 55 R e l i a b i l i t y  and M a i n t a i n a b i l i t y  ~~i a r t e r l y  Prog ress
Repor t, Avco Lycotning , Report Number l75~~.5 .37 , U.s . Army Aviation
Sys tems Command , St. Louis , Missouri , March 197b .
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[‘ab le  l .  T - - ~-L - 13 B  SOAP Samples - Oil Contamination (1971) 
-

~~

TSN~
TSO~ 2:c

Eng in. -  S/N  (hr) Component Failure Mode

14380 1376 No. 2 Bearing Race Spin
617

1
14847 1547 No. 4 Bearing Race Rub Cage

893

15696 1490 No. 4 Bearing Cage Failure
33

16044 1917 Starter Seal Worn
361

16257 2808 No. 1 Bearing Race and Balls Scored
860

1 .441 1640 No. 2 Bearing Scored
499 and Housing

17108 1410 Fuel Control Spline Wear
713 Drive Gear

Spline Wear

17423 1718 No. 4 Bearing Race Rubs Cage
1325

17767 1480 No. 4 Bearing Inner Race Rub s, Cage
546

21965 886 No. 2 Bearing Outer Race Fretting
296 No. 4 Bearing Plate Flaking

22763 1695 No. 4 Bearing Failed
183

‘~TSN = Time Since New
= Tim e Since Ove rhaul
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Chi p Detectors

In order  to de te rmine  the ef fec t iveness  of chi p de tec to r s , a review of
R & M sampl e da ta was  made, and t he resul ts  a r e  shown in Tables 16 and
17 . .-\ pparent l y the T55 chi p d etector has proven to be m o r e  e f f ec t i ve  than
the T~~3 ch ip detector in indicating an internal  eng ine problem.  Both chi p
detec t ors w e r e  gearbox-mounted . The chi p de t ec t or m ount ed in t he T 53
series engine installed in UH-1 series aircraft originally had the chip
detector wired into the c ock pit; however , this wiring was later disconnect-
ed and the mechanic must  now periodically check the chi p d ete ctor for
continuity.

There are two types of chip detectors , the gearbox or open-pole, and the
basket or full-flow. Both of these detectors have a cent ra l  magnetic pole
to a t t rac t  magnetic particles , whil e the full-fl ow type has a screen that
surrounds the pole and traps all particles in the oil line. Therefore, the
full-flow type can detect the presenc e of conductive magnetic  and nonmag-
netic part icles , whil e the open-pole only detects  magnetic  part icles.  The
greates t  problem with conventional chip detectors  of this type is false
alarms caused by “fuz z ”, and , for this reason, the pilot should not be
alerted to a chi p-detection alarm. When a bearing or gea r produces chi ps
as a re9 .l lt  of su r face  spalling, the process is usually slow enoug h to wait
until the end of the fli ght to detect. If , however , the chips are  caused by
cage fa i lure, the damage rate is often too fast  for the eng ine to be shut
dow n in time. This c ondition also supports the argument  for removing the
chip detector interface from the pilot.

The false  alarm “fuzz ” effect mentioned above can be reduced by a capa-
citive d i scharge  burnoff chi p detector being evaluated by the Eustis Direc-
torate , U. S. Army Air Mobilit y Research  and Development Laboratory.
This development may make available a detector  that could be useful for
cock p it a s s e s s m e n t  of f e r r o u s  m a t e r i a l  oil c o n t a m i n a t i o n  d u r i n g  f l i ght.  Ba-
s ica l l y it is a bui l t  in capac i to r  connec ted  in p a r a l l e l  to a chi p de tec to r ’ s
contacts .  W h e n  a vol tage is app l ied th rou gh the  indicato r l ight , the capa-
citor becomes charged .  As par t ic les  brid ge the gap of the indicator termin-
als , the capac itor d i scha rges .  A small chip or “f u z z ” is automatical l y
bu rned off and the capaci tor  recharges .  A l a rge  chip that  does not burn off
d i s c h a r g e s  the ca pacitor and provides  a shor t  tha t  t u r n s  on the disp lay li ght.

In gene ral , we believe the chip de tector to be a valuable maintenanc e and
diagnostic tooL However , the performance of the chip warning indicator
in the pilot’s compartment has been errat ic .  Many cases of erroneou s
warnings of chip conditions have occurred , and the pilot, thinking the en-
g ine was failing, att empted an emergency landing that resulted in damage
to the a i r c ra f t  and crew Injuries.
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Table 17. Chip-Detector-Found Eng ine Failure
Identified by Cause Component*

Cause Compone nt Numbe r
T 5 3 - L - 13  Samp le

Bear ing.Numbe r 4 1
Bearing , Numbe r 2 1 2
Bearing , Number  45 2
Oil Impeller , Numbe r 4 1
Faulty Detector  2

TOTAL 8

T 5 5- L - 7 / 7 B / 7 C  Sample

Bearing, Numbe r 1 2
Bear ing, Number 6 2
Bearing , Numbe r 7 1
Bearing Package Numbers  6 & 7 1
Bearing,  Number 10 1
B ea r i n g ,  Numbe r 18 1
Bearing,  Numbe r 21 1
Bearing,  Numbe r 22 1
Bear ing,  Number 30 1
Bearing Packa ge , Numbers 43 & 44 1
Sleeve , Numbe r 2 Forward Seal 1
Torqueme te r  Drive Assembly 1
Cover , Ac c e s s o ry C / B  5
Oil P ump 1
Faulty De tec tor  3

TOTAL 23

eS,.e ‘I ab le 16 for  addit ional data.
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Perhaps a comprom ise can be made  in which  the  (-hi p detec tor wi red  into
t h e  pil ot ’s compa r tmen t  does not provide a cont inuous  disp lay, bu t wh ich
can be checked , on d emand , b y ei ther  pilot or main tena nce personnel .
This  approach m i n i m i z e s  the  r i sk  of an unwar r an t ed  pilot act ion , yet
makes  t F ’ e check ava i l ab le  as an item on the  p r e f l i gh t check - l i s t .

T u r b i n e  Eng ine Pa rame te r  Sensors,  M o n i t o r s,  and E a u lt - W a r n i n ~~
Devices - General

Some of the many methods used today to obtain da t a on en g ine cond ition
a r e  t he advanced techniques of AIDAPS* and AIDS*~’ and sim ple visual and
aura l methods.  Most of these  methods a r e  used for eng ine condit ion mon-
i tor ing in te r face  wi th  the maintenance organizat ion, s ince the fa i lu re  mod e
de tec ted  is us ually a gradual  p rocess , w hich allows som e t ime in which to
schedu le correct ive m aintenance act ions.  The above methods a re  not dis-

ussed in this report  sinc e they are  w ell documented in manufac tu re r ’s
ha ndbooks , manuals , etc. ; how ever , some method s of condition monitor-
in g used by Lycoming will be described.

Borescopes  a re  ext remel y useful for viewing the internal  s t r u c t u r e  of the
eng ine. There  a r e  two basic types , the ri gid and the flexible. They both
operate on the principle of having a noncoherent f iber  bundle , wh ich
ca r r i e s  illumination to the viewing ti p area , a nd a coh er ent f iber bund le
tha t ext ends f r om the view ing tip to the eye piece. The ri g id borescope
is usefu l  for  inspect ing compressor  blades , b ecause a f te r  removing stator
bolts, the borescope permits a directline view. Handling of the ri gid
borescope is fa i r l y simple. The flexible borescope is much more diff icult
to use , s ince th e t ip is ar t icu lat ed b y m eans of an ext ernal  handl e, and
the operation is performed “blind ”. For thi s rea son Avco Lycoming has
developed guide tubes for the combustion chamber so that  the borescope
can be guided to the area to be viewed; i. e., the fuel nozzles , swirl  cups ,
liner , and f i r s t - s t a g e  gas generator tu rb ine  nozzle.

Another useful tool , developed by Lycoming, is the compressor  perfor-
manc e monitor .  This tool comprises a system that provides a readout of

- - referred *** compressor speed. During eng ine test ing,  this tool is con-
nected to engine sensors to obtain readouts of:

*AIDAPS - Automatic Inspection Diagnostic and Prognostic System
**AIDS - Aircraft Integrated Data System

*** Speed corrected for ambient temperature
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a. C o m p r e s s o r  speed.

b. C o m p r e s s o r  inlet  p r e s s u r e .

c. Compressor  exit p r e s s u r e .

d. Compressor  inlet a i r  t e mp e r a t u r e .

T h e  enj zine is acce le ra ted  slow ly until  it reaches  a preselected compres-
sor ra t io .  — \t t h i s  r a t i o , the sys tem show s the r e f e r r e d  compressor  speed
wh ich is then compared  wi th  the basel ine speed. As the compresso r  be-
comes d i r t y or eroded , its speed must  he increa s ed to mainL n the same
pump ing capacit y ; i. e., p r e s s u r e  ratio. If the compressor  i~ d i r ty ,  clean-
in g it will r e s t o r e  the p r es s u r e  r a t io/ r e f e r r e d  speed balanc. .  Cleaning
wil l not hel p if the  compressor  is eroded. Consequentl y, the con~~ r essor
~v il1 r e q u i r e  res tora t ion  or replacement if the speed increases  to the
operat in .~ limit.

Pa rame te r  moni tor ing and in ter rogat ion , either on or off line, is int ended
to g ive the pilot and /o r  crew chief t imel y warn ing  of eng ine f a i lu re  or
damage.

The types of eng ine fa i lures  or damage  that a re  typ icall y monitored for
pilot warning are  those  that a f fec t  sa f e ty -o f - f l ight. However , the crew
chief  also requ i res  data that  provides earl y detection of eng ine fa i lures
that  w ould a f f e c t  miss ion reliability or a i r c r a f t  availability.

Safety-of- Flight

Most en gine f a i l u r e s  that a f fec t  a miss ion or the safety  of the a i r c ra f t
occur  abr upt ly,with l i t t le or no warn ing  of impending danger , and can
somet imes be ca tas t rop hic. Very littl e can be none to monitor random
fa i lu res  due to bad workmansh ip, material d e f i c i en c i e s , battle damage,
etc. The best solution to preclud e these  types of fa i lu res  is to improve re-
l iabi l i ty  of the basic eng ine. There  are  how ever, repeatable failures that
g ive no warn ing  but can be monitored.  These are  caused by low-cycle
fa t i gue (LCF) and s t r e s s  rup tu re  (creep) . Low-cycle fat i gue is damage
ca used by cyclic variat ion of s t ra in , f rom which damage can culminate
in an abrupt , ca tas t rophic f a i l u r e  of a disc.  Creep is a process of slow
deformation of solid mater ia l s over extended periods of time while sub-
jected to hi gh loads and t empera tu res .  This damage causes  blade elonga-
tion , leading to rubs.  These phenomena are  usuall y monitored throug h
bookkeep ing of fli ght profile data; but because of the inherent inaccuracy
of such methods , they a re  rated very  conservatively. The eng ine usage
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i nd ica to r4 (EUI)  developed to provide exact  data on LCF and creep con-
t inuous l y moni tors  eng ine g a s  t e m p e r a t u r e  and rotor speed. These data
a r e  then au tomat ical l y processed to provide odometer  readouts , which
prov ide  hard  values that  are used to r e t i r e  components.  These  values a r e
s t r ict l y de pend ent on usage  of the eng ine and a re  not t ime-based .

One sy s t e m  that  is un ique  to Lycomin g is the bear ing  w e a r - t r a c e  p r og r a m .
The s i lver  pla t ing of the  hear ing  cage re ta iner  is in t e r rup ted  at a cr i t ical
wea r depth , and a th in  layer  of an isotope of s i lver is deposited.  The nor-
mal si lver  plating is then resumed to the full depth.

As the cage w e a r s  normal ly, silver is released into the oil until the wear
reaches  the isotope l ayer .  Then the silver isotope is released and is de-
tec ted  by a Gei g er Mue ll er cou n te r  t hat is eit he r  pe rmanentl y mount ed in
the  lubr i cat ion sy stem or used periodicall y as a di p stick in the oil tank.

Other types of available oil moni tors  use optical and radiographic techni-
ques ;  but t he se  monitors  a re  relatively new devices , and insuff ic ient  data
are  availabl e to determine the long-range  benefi ts  gained b y their  use.

CO~vIP -\RISON OF DEPOT R E T U R N S  - ALL CAUSES FOR DIFFERENT
ENGINE APPLICATIONS.

Military Peac etime Operation Versus  Mil itaryjvart ime Operations

To evaluate the impact  of w a r t i m e  operations on eng ine re turns  to depot , a
stud y of the T 5 3 - L- 1 1A/ l lB  eng ine re tu rns  f rom Vietnam versus  other
m i l i t a r y  locations was made ( r e f e r  to Tabl e H,). It should be noted that ,
for  the most  part , these  eng ines were  not equi pped with  part icle separators
or FOD screens.  As expected , there  was a large increase  in re turns  (5
t imes  g rea t e r )  due to environmental  causes  dur ing  w a r t i m e  operations.
R e t u r n s  resul t ing from operations and maintenance e r ror  increased 2. 3
times over that of peace-tim e operations , while the number of eng ines
reaching TBO was reduced by a factor of 2. 5 times. Eng ine re turns  attri-
buted to eng ine causes (component) were  similarly af fec ted  and increa sed
by about 2. 5 times that of peacetime operations.

It appears  then  t h a t  eng ine r e t u r n s  to depot , o the r  t h a n  f r o m  e n v i r o n me n t a l
causes , i nc rease  about 2. 5 t imes when a mi l i t a ry  aviation unit goes from
a peacetim e to a war t ime  operation and , according l y, the number of en-
gines reaching TBO decrease  b y a s imilar  a riount.

R .  Hoh en h er g ,  The Engine Usage Indicator, An Ins trument to Assess the
E x p e n d i l u r e  of U s e f u l  Gas Turbine Life , Four t een th  I n t e r n a t i o n a l Gas

• Turbine Conference , Cl. veland , Ohio , March 1969.
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Since military engines a r e  now usual l y equi pped with par t ic le  separa tors
and FOD screens, we believe that  the  2. 5 factor  will also apply to environ-menta l causes , i f eng ines a re  redeployed in combat roles .

C~~-nmercj al  Re tu rns  Versus  Mi l i ta ry  Eng ine Returns

A comparison of commercia l  r e tu r n s  and mi l i t a ry  re turns  was made tode t e rmine  the a reas  in which  t hey  w e r e  d i f fe ren t  and the causes for thesed i f f erences .

The commerciaf  composi te  TBO-achieved rate for  the engines studies is139 per million hours  w h i c h , in t e rms  of fl ying hours , is sli ghtl y lessthan 144 per million for the  best mil i ta ry  engines (T53-L -1 l  Series).However , for  much of the period studied , the mili tary schedule TBO wasset at 1, 200 hours , whil e the commercial  model was 2, 000 hours.  There-fore  more  commercial  eng ines were  reaching the mil i tary  TBO than isapparent  f rom the data. As seen in Figu re  7, more than 25 percent of thecommerc ia l  eng ines a re  returned due to T130 limitations , while less than6 percent  of the mi l i ta ry  eng ines reach TBO (see Figure  6). This is ofcours e, due in part  to the hi gh number of mil itary  premature  r e turnsresult ing from environmental causes.  To get a better understanding ofsome of the basic differences  between commercial  and mil i tary operations ,the records of one commercial  operation were  selected af ter  tracking thedata f or over 67 , 000 fl ying hours , and the following comparisons weremade :

a. The depot re tu rn  rate ‘~~r all causes on commercial T53 13B
engines was 504 per million hours , vihile the 1973 Military
T53-L- l3B engine was 1221 per million (almost 2 . 5 times
grea ter ) .

b. The depot r e tu rn  r a te  for  unscheduled engine causes was 67per million hours  for commercial engines , while the militaryrate  was 301 per million (about 4 . 5 t imes  grea te r ) .

c. By chanc e, the commercial  operator had also flow n over7, 000 hours in Saudi Arabia. This deser t  operation consisted- - of fl ying in a combination of salt and sand environments. Inthis  operation , engine-caused r e turns  were  almost doublethat of this same operator ’s Continental U. S. operation. Sothere ap pears to be a corr elation between engine-caus ed
(components ) r eturns and the environmen t. Even thou gh thecommerc ial oper ator moved to a hostil e envir onment and his
engine-caused re turn rate went up, it was still less than one-
half that of the peacetime military engine-caus ed return rat e.
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A sign i f i can t  f ac to r  in eng ine  deter iorat ion is the miss ion prof i le , includ-
in~ s tar t  cyc les  per hour .  A comparison of the commerc ia l  operator~s
du t y cyc l e, and the duty of the AH- 1G is show n below .

Mili tary
5 

Civil

Fly ing Hours per day 1.85 3 . 75  hours
(Ut i l i z a t i on )

Dura t ion  of each fli ght 30 m i n u t e s  1 hour

Cycles per hour 3 to 6 (est imated) 1

Since several of ~.he rotat ing components on the  commercial  eng ine are
low-cycle fa t igue limited , the commercial  operator is much more con-
cerned with  min imiz ing  cycl e accruals.  For example , he may elect to
leave the eng ine running at in termediate  stops to avoid accumulat ing
t e m p e r a t u r e  cycles.  He is also aware  that cycles represent money because
of hot-end component de ter iora t ion  and , therefore ,  makes an ef for t  to
min imize  main tenance  cos ts .

The Avc o Lycoming experienc e in dealing with commercial helicopter
operators has show n that they are very cost conscious and will do all they
can to retain an eng ine in the field. To be competitive, they must mini-
mize  expenses , including spare-engine and spare-par ts  inventories. A
commercial operator tend s to rel y upon the manufacturer  for the more
expensive spares , whi le  keeping on hand for his own use a small supply
of high-usage items such as igniter plug s , s tart  fuel nozzles,  0-ring
seals , and other small hardware .

If a commercial  operator feels that a necessary  repair is beyond the
capability of his mechanics, he often requests the services of the manu-
fac tu re r ’s technical representat ive rather  than re turn  an eng ine for minor
repair or overha ul . Should an oil-contamination or a chi p-warning indica-
tion be experienced , the civil operator , in most cases , will make a con-

- -  - - scientious effor t  to find the item at fault  and , if field repairable, will re-
turn the engine to service after suitable cleaning and inspection, whereas ,
the mili tary will often remove an engine and re turn  it to depot af ter  a
cursory  check,

~ Management Suimnary Report AH-1G, Technical Report 72-28, U .s . Army
Aviat~~a-~ Systems Command , St. Louis , Missouri , July 1972.
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On th e  ave rage ,  the  c iv i l  ope ra to r  has  m o r e  e x p e r i e n c e d  m a i n t e n a n c e
personne l ,  m any  of w h o m  received t h e i r  ini t ia l  t r a i n i n g  and exper ienc e in
the  m i l i t a r y .

A l t h o u g h it is w r i t t e n  to a d i f f e r e n t  spec i f i c a t i on  and f o r m a t , the  commer-
ci al m a i n t e n a n c e  manua l  conta ins  essen t ia l l y the  same data as t he  m i l i t a r y
n i an u a l .  The scope of the  com me r i c al  v e r s u s  the m i l i t a r y  main tenance
m anual  is not cons ide red  as a si gn i f i cant  fac tor  in the  d i f f e r e n c e  in abi l i ty
to p e r f o r m  f ie ld main tenance .

Similar l y, the mi l i t a ry  has the advan tage  when  it comes to the types ,
quan t i t ies ,  and ava ilabili t y of special tool s , inc luding d iagnos t i c s  equi p-
m ent.

W ith  the  prec ed ing fac tors  be ing somewhat  balanced , it is probabl y the
s tr onger  need to be economically co mpeti t ive which dr ives  the commerc ia l
operator  to pe r fo rm eng ine mainten ancc  at the lowest  possible repai r
level.

Established TBO and Insp ection Periods

In both the mi l i ta ry  and commercial  applicat ions , t ime-be tween-overhaul
in te rva l  de terminat ions  a re  based , to a l a r g e  degree , on the opera t ing
experience accumula ted  on previous model s of similar confi guration.
Where that experience is not applicabl e because of a comp letel y new de-
si gn , then the interval is usuall y two- to- four  t imes that of the 150-hour
qualification test .  In the case of the T 5 3 - L - l 3 , the initial TBO was set
at 600 hours  a f t e r  a 150-hour qual i f icat ion p r o gr a m .  The TBO interval
on T 53 - L- l3 B s  now based at Ft. Rucker  has increased to 2 , 400 hours .

In some cases , the TBO interval for a par t icu la r  eng ine model may  be
limited because of a specific component problem. For example , the T53-
L- 13A was issued an initial TBO interval of 1, 200 hours  because of its
commonali ty wi th  the T 5 3 - L - llB , its predecessor , which had a 1, 200-

_
~~~ ~~~

‘ hour TBO at that  t ime.  However , when the compresso r  disc problem
developed , the TBO was reduced to 600 hours .  Af te r  incorporating the
ti tanium rotor , the TB O was  returned to 1, 200 hours .

Currentl y, the eng ines operating in the test  p rogram at Ft. Rucker  are
accumulating hours far  in advance of those at other operating sites.
Periodically, these eng ines a r e  disassembled and inspected either at Ft.
Ru cker  or at a contractor ’s plant where  dimensional , magnaflux , and
fluoreecent-penetrant  inspections are  performed and the data recorded.
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F1-iese  da ta  a r e  r e t a i n e d  fo r  t i e  nex t  i nsp e c t i o n  to p r o v i d e  a bds i s  for  de-
ve lopment  of f ie l d and o v e r h a u l  i n s p e c t i o n  c r i t e r i a .  If w a r r a n t e d , * re-
c on i i n e n d at ~ on i~ made  to i n c r e a s e  the  I f l O  i nt e r v a l .

The  p r o c c i 1 u r c -~ e s tab l i shed  to d e t e r m i n e  t } : c  IBO i n te r v a l  fo r  c o mi i ie r c i a i
o p e r ; i t io n s  I r e  c o n d u c t e d  I l n d € r  t h e  j u r i s d i c t i o n  of t h e  Ft~d e r al  A v i a t i o n
-\ d m in i st r a tj o n  and , \ v h i l e  d i f f e r i ng  in d e t a i l , a r e  m uch  l ike  t h o s e  for  t he
m i l i t a r y .  The in i t i a l  in ’ e r v al  is  based  on the  d e g r e e  of c o m m on a l i t y  w i t h
a know n moçlel . If t he  eng ine is a new d e s i gn  or i n c o rp o r a t e s  m a j o r
c h a n g e s  o~ er i ts  p r e d e c e s s o r, t hen  t h e  i n i t i a l  i n t e r v a l  is based on the
m a n u f a c t u r e r ’s componen t  and eng ine t e s t  da t a .  Since F AA  tes t  requi re -
m e n t s  a r e  q u i t e  s e v e r e  and m o r e  d e m a n d i n g  than  t hose  tha t  a t y p ical
o p e r a t o r  is l ikel y to i n c u r , t he  ini t ia l  T 130 is usua l l y set  f r o m  t w o - t o - f o ur
t i m e s  tha t  of .~e 150 -hour  q u a l i f i c a t i o n  t e s t .  Like t h e  m i l i t a ry ,  the  opera-
to r  ~v i t h  t h e  h igh - t ime  eng ines is of ten en c o u r a g e d  to par t ici pate in a TBO
e x t er i - ~ ion p r o g r a m .

The  TBO p r o g r am  cons i s t s  of a ser ies  of i n spec t ions  to a s s u r e  the  integ-
r i t y  of t he  eng ine as hi g her  t ime  is a c c u m u l a t e d .  As wa r r a n t e d , t he  TBO
i n t e r v a l  is i n c r e a s e d  for  all ope ra to r s .  F i g u r e  4 1  g r a p hicall y show s the
in c r e a s e  in T130 and TBI ( t i  ~e be tween ho t -end  inspec t ions )  for  the  corn-

-~c i a l  T5 I s e r i es  eng ines dur ing  a lO-yea r period .

U N S C H E D U L E D  U NNECESSARY R E T U R N S  - DEF~~ 2T NOT SUB STAN-
T I A T E D

This  c a t e g o r y  represents  a si gni f icant  n u m b e r  of depot r e tu rns , 121 per
mi l l ion  ho~i r s  in the composi te  and 661 in rea 1 n u m b e r s  ( r e f e r  to Tabl e 19).
When  t h i s  c a t e g o ry  of engines was r e tu rn ed  for  ove rhau l, it was usual l y
d e t e r m i n e d  tha t  t h e  r e t u r n s  we r e  not onl y u n n e c e s s a r y  hut  tha t  t he  d e f e c t s
for w h i c h  they  w e r e  re tu rned  w e r e  not the actual problems.  Althoug h in
some cases  no defects  c ould be found , some f ie ld- repa i rab le  problems
w e r e  found in o the r s.

If we cons ider  the reason for  r e t u r n  as a symptom , then problems like
hig h e x h a u s t  gas  te m pera t u r e , low power , hot s ta r t s , vibrat ion, and hi gh
or low oil p r es s u r e  a r e  com mon to the  selected engines s tudied.  It ca n be
a 3 J ’ l r n e d  then tha t  combina t ions  of t roubleshoot ing proc edures , diagnostics
equipm ent, or personnel training related to these r e t u r n  events were  not
adequate .  Consequentl y, because of the large number of engines returned
to depot, it is recommended that f u r the r  stud y be initiated to investigate
maintenance and diagnostics equipment and procedures.

P
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Table 19. Eng ine ReturrE - Defects Not Substantiated

Rate (Per
Million Operating

Eng ine Mod el Number Percentage Hours) Hours
- —  - - ~~- - L --~~ -- — --- - - - - 

T 5 3 - L - 1 l/ 1 IB  146 5.6 117 1, 250 , 000

T 5 5- L - 7 / 7 B  -C 60 7. 1 117 512 , 406

T 5 3 - L - 1 IA  354 9, 2 208 1, 700 , 000

T 53-L- 13B 86 8.1 99 869, 291

Commercia l  15 2 .4  13 1, 136 , 9 11

Total 661 7. 3 ] 121 5, 468, 608

UNSCHEDULED, CONVENIENCE RETURNS

Unscheduled , convenienc e re tu rns  are  those eng ines that could have been
repaired in the field but were  re turned  to depot. This type of return has
been categorized into eng ine-caused and environmental-caused.

Anal ysis of the T 53-L- 13A/ B data revealed that the convenience return
rate  for seals was g rea te r  than any other component. As previously dis-
cussed , the replacem ent of Number 2 bearing seals is a time-consuming
procedure that requires  the removal of the hot section, two gas producer
turbines , and two gas producer nozzles. It is understandable why field-
maintenance personnel might be reluctant to expend man-power replacing
these seals , particularly if an adequate number of spare engines are
availab] e or if the eng ine had evidence of other defects , such as erosion
that mi ght necessi ta te  its re turn  in the near future.

.- ----~~~ The di f f icu l ty  associated with isolating the cause of oil contamination con-
stitutes another group of convenienc e r eturns. Assume a bearing is gen-
crating enough m etal fuzz  to activate the chip detector , the procedure out-
lined In the maintenance manual requires removal of several scavenge
lines to determine the presenc e of metal. If the results are negative, the
field mechanic then find s it difficult to localize the source. Chances are ,
he will send the engine to overhaul rather than disassemble various sec-
tions looking for the bad bearing.
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E n v i r o n m e n t - c a u s e d  r e t u r n s  such as FOD and combat d a m a g e  a r e  o the r
cases w h e r e  considerable  e f fo r t  is usual l y requi red  to r e turn  the  engine
to service.  In the case of FOD, the upper c o m p r e s s o r  case half i s  re-
mov ed , dama ge bla d es or sta t ors a r e  r eplaced if necessa ry ,  the case  is
reinstalled, and then an eng ine vibration check mus t  be pe r fo rmed .  The
dis t r ibut ion between eng ine causes and environmental  causes  of unsched-
uled convenienc e re tu rns  is about 50/ 50 (see Tables A - i  t h r o u g h AS) and
may reflect  the  degree  of repa i r  d i f f i c u l t y  as m u c h  as any th i ng else.

Under the Army aviation maintenance concept , an organizat ional  unit will
send to the next hi gher level , direct  support or general support , any en-
gine that is beyond its au thor ized  repair  capabilit y. If the  receiving units ’
workload is hi gh , ra ther  than stockpile these unserviceables, they may
elec t to send them on to depot , pa r t i cu la r ly if t he se  eng ines involve hi gh-
repair risk, or excessive man-power to repair.

Unfor tunate l y, while we recognize  the reasons for most of these  r e tu rns ,
it remains that approximately 17 percent of the eng ines that were  re turned
for overhaul  could have been repaired at lower levels. If we a s sume  a
repa i r /ove rhau l  cost of $14 , 87 1 ,~ neg 1ecting t ranspor ta t ion  and what it
mig ht cost to do the repair  at field level, this represents  an expenditure
of funds in the order  of 100 million dollars.

— 
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2 .0 CON C LUSIONS AN D  REC OMMENDATIONS

CON C LUSI ON S

Based on the resul ts  of this effo rt it is conclud ed that:

The rank o rde r  fo r  engine  depot r e t u r n  causes (see Fig u r e  2) is:

a. Environm ent/System 42. 22%

b. Eng ine - Co ij onent 18. 39%

c. Convenience 17. 71%

d . U n n e c ess ary  7. 34%

e. Scheduled 6. 48%

f . Reason Unknown 4. 03%

g. Con version 3. 61%

h. Service Bulletin Modification • 22%

Environm ent/ systern caused re turns  have exceeded engine- compo-
nent caused returns by a factor greater than two.

2, The two largest causes of environm ental/system caused returns
were  (see Figure 11) :

a. FOD 50. 78%

b. Erosion 20. 42%

This has been at t r ibuted to lack of pro tection screens  and sepa ra-
p tors in hostile environment s .

3. Eng ine - component caused re turns  w e r e  second in rank order .
The leading component s causing eng ine depot returns w e r e  (see
Figure 18):

a. Mainshaft seals 37. 62%

b. Bearings 25. 85%
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4 . The component / fa i lures  causing depot re turns  and im pacting fl ig ht
safet y or miss ion  reliability w e r e  (see Table 3):

a. Rotating components

(1) Discs

(2) Blades

(3) Bea ring cages .

5. An ave rage of 29 percent  of eng ine-caused re tu rns  to depot w e r e
for  oil contamination by metallic particles. In most cases it was
not apparent in the field , what  caused the contamination or if
field maintenance could have been per form ed to cor rec t  the pro-
blem (see Figure 40).

6. Convenience re turns  w e r e  the third largest  category of the com-
posite eng ine r e tu rn s .  While these r eturns may have been due
mainly to p ress ing  tactical and log istic situations som e of th em
may have been due to the dif f icul ty  of repairing in the field .

7. Although the ch ip detection syst arn has proven to be a valuable
diagnostic tool in moni to r ing  bear ing  and gear c ondition , it is
believed the chip indicator is useful mainly as a m aintenance in-
dicator and is of limited value as a pilot warn ing  devic .~. The
more  common or f requent  fai lure modes of wea r , 8palling and
race rotation generate  metal in the oil at a slow and uniform rate ,
which can be m onitored at daily or pref l i ght inspection periods .
The less f requen t  fai lure modes of f r a c t ur e  involving gear tooth
or bearing cage , may resu lt in rapid engine power loss , a f fo rd ing
no advanced warn ing  advantage.

8. An ave rage of 7 . 3 4  percent  o f t he  total eng ines  re turned to depot for
ove rhaul w e r e  returned for reasons or symptom s which could not

p be substantiated (see Figure 2) .

9. The TBO evaluation and analysis ind icates hi gh Initial TBO or on-
condition overhaul program s are  feasible. Howeve r , the data in
Pa r t l sh o w  onl y 6 .5  p e r c en t o f a l l  engine  (com posite) returned to de-
pot were because o f a ch ie ve r n en t  of maximum time , and the la rger
d r ive rs  of overhaul re turns  a re  associated with unscheduled causes.
For example assuming a 15 , 000 dollar avera ge ove rhaul cost with
a total operating t ime of 27 million hours , the overhaul costs for
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m a x i m u m  t ime eng ine overhaul  was  4 3 . 3 n) i l l ion dol lars , but the
ove rhaul cost fo r  all the unscheduled r e turns  totalled 623 . 7
mil lion dollars . This is hi ghli ght ed to emp has ize  that grea t e r
econom ic gains can be realized by f i r s t  acid r e ss ing  a red uction
in unscheduled  depot r e t u r n s .

REC OMMENDATIONS

Based on the conclusions of t h i s  repor t , it is reco mn mn ended that :

Furthe r e f f o r t  to red uc e the eng ine depot overhaul event s or costs
8hou ld address  the total a i r f r a m e  operational sys tem use.

2 . The engine specification must  adequately d e s c r ibe the environ-
ment in which the eng ine will be used . The engine desi gn should
allow for the optional installation of pa rticle separators  when re-
quired . FOu sc reens  should be permanent ly installed with facil-
ities f o r  cleaning and servicing.

3. Reduction in the eng ine-component caused category can be ap-
proached by two m ethod s. First , component desi gn must  be opti-
mized for  maximum service live s and reliability. Thi s is especi-
all y important where  the subject components cannot be field re-
paired or r eplaced and cause the eng ine to be depot returned .
Component s in thi s category should be desi gned with wea r  lives
in excess  of 5, 000 hours . Second , the eng ine des ign f rom the as-
sembl y viewpoint must consider ease of accessibili ty for  fi eld
rep laceable component s having wear  out fai lure modes requiring
frequent  replacement. The eng ine desi gn should allow for  these
components to be replaced in the field without complicated axial
tole ranc e computations or shim ad jus tmen t s .

4 . The desi gn approach to components having fai lure modes impact-
ing safet y and mission as well as depot re tu rn , must  be treated
with ex t reme  conservatism. An example is the discs in the corn-
p r e s so r  and turbine sections. Conservat ive e stimate of the materi-
al s t rengths  should be emp loyed by selecting the lower two (2)
sigma value for  yield , and the lower three (3) sigma value for
fatigue st rengths. Desi gn values for  these component failure
modes should be verified by component te sting (see Testing Rec-
ommendations).  A recommended m ethod for the reliability analy-
sis of rotating components is the s t ress-s t rength in ter ference
method which is descr ibed  in A ppendix F. The met hod or model
for  combining component probabilities to meet a specified engine
tim e interval-probabili ty is descr ibed in subsequent paragraphs.
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5. Con s ide ra t ion  should he made in l u b r i c a t i o n  sy s t e m  d e s i gn to
i sol a te  the m a i n  b e a r i n g  s c a v e ng e  t u b e s  f o r  p u r p o se s  of chi p
s o u rce  de tec t ion  and c o n t a i nme n t .  Such sy s terns w ould &llo ’~ 111) -

proved b e a r i n g  cond ition m o n i t o r i ng ,  and i n c r e a s e d  field main-
t e n a n c e  tp a b i l i t y w ith c o n s eq u e n t  depot  and ove rhau l  a vo i d d n ce .

In ip roven  :ent in f i e ld  r epa i r ab i l i ty t h r o u gh eng ine des i~ n Le mad~
to h el p r e d u c e  the f re q uen c y  of on v en i en c e  r e t u r n s .  As e ut l i r i e d
p rev ious ly ,  t hese  de s i gn i m p r o v e m e n t s  should r e su l t  in le’~ s
coni  p l icated m a i n t e n a n c e  p roc e d u re s  w h i c h  can be accom pl i shed
w ith a g r e a t e r  d eg r e e  of confidence.

7. The chi p d et e c t o r  mo n i t o r  s y s t e m  should not p r ov i d e  a c on t inuous
coc kpit d i sp lay. A “demand ” c h e c k  vh i c h  can be made by the  pilot
or ma in t enance  pe r sonne l, would m in imize  u n w a r r a n t e d  emn er-
gency  p r o c e d u r e s  caused by “fuzz . “ The capacitor  d i s c h a rg e
chip d e t e c t o r  d i s c u s s e d  in the text  would a c c o m pl ish  th i s  auto-
mat ica l ly.

8. F u r t h e r  s tudies  be made to d e t e r m i n e  the cost e f f e c t i v e n e s s  of
improved  d iagnos t ic  s y s t e m s  in reduc ing  u n n e c e s s ar y  engine re-
t u r n s  to depot . H o w e v e r  these  s tudies  are  not a p r e r e q u i si t e  f o r
on- condit ion main tenance  prog  r ams .

TE STIN G RE C OM MEN DATION S

The use of a hi gh initial  TBO mus t  be substant iated by component and
engine t e s t i n g  exper ience .  Initial des i gn ve r i f icat ion and qualif icat ion of
eng ine and component s a re  adequately covered in MIL- E-8593A. H o w e v e r ,
this speci f ica t ien  does not ad equatel y cover  the type and extent of tes t ing
n ec e s s a r y  to a s s u r e  the a c h i e v e m e n t  of a TBO interval . Therefore , addi-
t i n ;, l eng ine and component  test ing ove r that r equ i red  by MIL-E-8593A
is rt . c- o rnme nd ed to hel p a s s u r e  achievem ent of a particula r TBO in te r -
Va 1.

BEA RING AND SEA L COM PON EN T RIG TESTS

Bec ause of the relat ively hi gh depot r etu rn rat es due to b earing s and
seals , extend ed service  life ri g t e s t ing  is r e c o m m ended . The ri g test s
should simulate the condition s of load and e n v i r o nm e n t  found in actual
engine ope ration for specified miss ion  prof i les .  It is recommended  that
the t otal tes t ing on each component be at least two t imes the specified
TBO interval. The wea r lives determined in t h e s e  tes ts  w ill be used to
substant iate the specified TBO interval and will be useful in evaluating
fu tu re  eng ine TBO extensions.
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\ lt u ,~h end u r a n c e  t e s t i ng  p e r f o rm e d  in a e c o r d a n  e wit h MIL- E - 8593A ,
pa ra~z r ap h 4 . t . 1 , is pe r f o r n i e d  to qual i f y an eng ine , resu lts of this tes t
h a ve  b ,~~ n re l it d t o  i n i t i~~l TBO i n t e r v a l s . The eng ine e n d u r a n c e  du ty
cv  le in t h i s  t e s t  is m o re  s e ver e  than  mos t  cyc l e s inc lud ing  that associ-
dt e( I  v~ i i . .  t h e  U H —  1 1-I . The r e q u i re d  p o w e r  ope r a t ing  po in t s  allow f o r
tv. n t v - f i v e  b - h o u r  cyc l e s  w i t h  w o r s t — c a s e  tu r bine inlet  t e m p e r a t u r e s.
The a d v e r s e  e t l t c t s  on s ta t ic  ho t -end  c omp o n e n ts  (shor tened  life p e r i o d s )
should not in pact the  TBO i n t e r v a l  s ince these  pa rts a r e  de s i gned fo r
f ie ld m a i n t e n a n ce .  The e f f e c t  on ro ta t ing  pa r ts , t u r b i n e d i scs , blades ,
and b e a r i ng s  ( s h o r t e ne d  li fe  p e r i o d s )  would impac t  the  TBO in te rva l  since
t h e i r  s e c o n d a ry  fa i lu re  e f f e c t  s can cause  depot r e t u r n s .  The f ron t  end of
the  eng ine  ( b e a r i ng s , seals , c o m p r e s s o r  blades and d i s c s )  w ould also be
sub jec ted  to hi gh e r  t e m p e r a t u r e s, althoug h the i n c r e a s e d  tempe rature  in
th i s  sec t ion  would not a c c e le r a t e  part  w e a r - o u t  to the same d egr e e .  How-

er , c omp r e s s o r  d i s c s  and blades having fati gue f a i l u r e  modes  experi-
ence  acce lera ted  fa i lu re  s t r e s se s  f r o m  the f requen tly exe rc i s ed  (every

i~ ht m i n u t e s )  t o rque  r u ns  ( p a r a g r a ph 4 . 6. 1. 3b , MIL-E -8 5 9 3A) .  The pri-
ni a ry value of end u r a n ce  tes t ing  in the es tab l i shn ent of hi gh initial TBO
is the  ab i l i ty  to expose incipient  componen t  f a i l u r e  modes  which could
i m p a c t  m i s s i o n  rel iabi l i ty or f l ight safe ty.  Because of the seve r i ty of
these  t e s t s  t hey  a r e  usually r e s t r i c t ed  in t i m e  to 150 to 300 h o u r s .  More
re ently f a c t o r s  up to 6 t i m e s  the enduranc e tes t  h o u r s  have been used
to e s t a l) lj sh  an in i t ia l  ove rhaul in te rva l  t ime.

M i s s i o n  Dut y Cy cle Tes t ing

This t ype  of t e s t i n g  to the ac~ ual mis s ion  duty cyc le  is divided between
t e st  cell and a i r f r a m e. Because of the  poss ib i l i ty  of eng i n e - a i r f r a me in-

p t e r a c t i o n , the g r ea t e s t  por t ion  of ope rating t e s t i n g  t ime  should he c on-
de ted on the a i r f r a m e.  The eng ines should be i n s t r u m e n t e d  fo r  initial
ai r f r a m e  t e s t ing  and the  read ings  com pared to test  cell basel ine data.

-‘ S ign if ican t  d i f f e r e n c e s  caused  by a i r f r am e inte ract ions  must  be eliminat-
ed b e f o r e  addi t ional  t e s t i ng  is s ta r ted . If t e s t  dat a v e r i f i e s  that t h e r e  is
no si gn i f ica n t  d i f f e r e n c e s  in cell and a i r f r am e  t e s t i n g ,  these  tes t  h o u r s
can be com bined . On this  basis , one hou r of cell t e s t in g w ould equal one
hour  of a i r f r a m n e  test ing.  In the new eng ine p r o g r am s , a m i n i m u m
miss ion  d u t y  cyc l e  test ing t i m e  of two initial T .BO i n t e r v a l s should be
p lanned . W ith th i s  m i n imn umn schedule , t w o  eng ines a re  used , one for

_ _  - - 
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test  cell and one for  a i r f ram e  tes t ing .  Peri~~1ic inspec t ions , and insp ec~
tions made a f te r  the comp letion of the t e s t s , a re  made on each comnpo~
nent containing fa i lure  modes which can cr ~u se  depot r e t u r ns .  Success fu l
com p letion of the testing is reached when  these  component s demons t r a te
their  capability of operating for  one or m o r e  mul t iples of the TBO inte r-
val that is being considered to be imposed on that engine.

Low-Cycle Fat igue

Low-cycle  fat i gue (LCF) tes ts  can be desi gned to compress  many fati gue
cycle s into a short t ime f r a me .  As an exam ple , i f the miss ion  contained
two cycles  per eng ine operating hoi~mr , and the LCF test plan called for
ten equivalent cycles  per  test hour , a tim e factor  of five can be estab-
lished . This t ype of test ing can also be desi gned to approximate total
t ime at mission power levels. It is important  to includ e adequat e running
t ime at low power levels whe re component failure modes such as bearing
skidding and race rotation may be caused by li ght or partial loads. The
tes t ing  period for  new eng ines bein g used to ve rif y the initial TBO inter-
val should be at least one life cycle. Periodic inspections should be made
to de te rmine  the deteriorat ion of individual components. Wear  or c rack
pro pagation rates noted dur ing  inspection period s can be used to estab-
lish field repair limits and component wea r l ives.  The component data
der ived  f rom these tests should be used to verif y and improve the ori gi-
nal component  desi gn life est imate.  Low-cycle fati gue testing should be
run per  AV-E-8593  paragraph 4 . 5. 9 for  a minimum of 3, 000 cycle s.
Howeve r , if the eng ine contains component s whose recommended retire-
ment t i m e / c y c l e s  exceed 3 , 000 cycle s , the test should be run to include
the hi gher  num be r of cycles.

A graphic representation of the various types of tes ts  and their expected
re lat ion shi p to the TBO interval is shown in Fi gure 44. A rul e of thum b
in commerc ia l  aviation has been to allow up to five t imes  successfully
passed qualification endurance testing hours  for  initial TBO hours .  The
rationale for  this fac tor  has never  been t ruly e stablished. Howeve r , its
use has resulted in the establ ishment of initial TBO’ s as hi gh as 1, 200
hours .  Thie uppe r t ime limit in related TBO hours  is because the endur-
ance test ing recommendation in MIL- E-8593A is for 300 hours (two
150-hour phases).
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The relationship of low-cyc le  fati gue and endurance  tes t ing t ime to ini t ial- TBO hours  shown on Fi gure  44 is the result  of a f ive - to -one  ratio as ex-
plained in the p r eced ing  paragraph s. The equating of cycle s to t in e fo r
tu rb ine  eng ine durab i l i t y est imates is valid since fati gue is the pr inc ipa l
f a i l u r e  and life l imi t ing  mod e f o r  those componen t s  c a u s i ng  (lepOt re-
t u rns .

Miss ion  power  spec t rum and fli ght tes t ing  allow one hour  of TBO f o r  one
hour  of tes t  t ime , when tes ting du plicates the  actual  envi ronmenta l  use.
An exception to this would be in twin- (m ultiple) eng ine a i r c r a f t  where
fli ght test ing hours would be at reduced eng ine power l eve l s , while cell
tes t ing mi ght use all available power .

D ESIGN RELIABILITY PLAN

A plan or p rocedu re  is desc r ibed  h e r e  us ing p reestablished rel iabili t y
technique8 to de t e rm ine  the probabil i t ies associated with selected des i gn
m a r g ins in meet ing specified overhaul intervals. The eng ine ’ s level of
capab ility is e stimated f r o m  subt ier  components  and assembl ies  by the
use  of math mode l s.

His tor ica l  dat a have shown that the depot re turn  rate f o r  t u rb ine  engine
as semblies caused by component or assembly problem s and analyzed as
a f u n c t i o n  of t ime exhibit s the famil iar  bathtub shaped curve . A typical
example of th i s  curve is shown in Figure  45 . The hazard function or
t ime-dependent  r e tu rn  rate funct ion , depicts the three main t ime  phases
of eng ine a s s e m bly depot return rates.  As shown in Fi gure  45 , Phase I
(at low hou r s )  has a relatively hi gh re turn  rat e pe rc entage , a f te r  which
the second phase then show s a leveling or a relatively constant retu rn-
ra t e p er iod . Pha8e III indicates a g radually increas ing  re turn  pe rcentage
fo r  the engine assembly. A hi gh re tu rn  rate in Phase I is usually an in-
dication of early f a i l u r e s  result ing f rom process ing  e r r o r s , quality , and
assembly e r r o r s , and ma y indicat e insuf f ic ien t  “ run- in ” and acceptance
test ing in tervals .  The thi rd phase in Fi gure 45 show s that the engine ’s
probabi l i ty  of surv iv ing ,  or not precipitating a depot re turn  event dimish-

-; ~~ es with each subsequent  t ime interval .

Nonparam et r i c  analysis  of eng ine depot re tu rn  rates will va ry for dif-
ferent  eng ine models  and dep loyment periods.  Fi gure 46 , which is a plot
of the actuarial table in A ppendix B , show s the percentage of return to
depot for  engine component causes during an 1, 800-hou r period for the
T53-L-13B.  The smoothed curve  for  eng ine component causes show s a
fa i r l y const ant retu rn percentage as a funct ion  of time over the  1, 800
hour  operat ing age. Related to the bathtub curve  this indicates that the
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PHASE I PHASE II PHASE III

H

T I M E  ON COMPONENT P t

~a) THIS IS THE INSTANTANEOUS FAILURE RATE OF A
COMPONENT AT A N Y  T I M E ; G I V E N  THAT IT HAS B E E N
O P E R A T E D  UP TO THAT TIME .

Figure 45. The Bathtub Curve
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eng ine a t the  end of 1, 800 hours  is still ope ra t ing  in the constant  f a i lu re
rate Phase  11 a r e a .  There  is l i t t le if a n y  suppo rt to believe that  the tur-
bine eni~in e  requ i res  a r e t ur n  to depot as an assembly because i t needs
reb u i l d i n g .

This sect ion p r e s e n t s , in i t i a l ly ,  an ana l ys i s  of the component  f a i lu re
modes and f reque ncies respon s ib le  for  the engine  ret ’ rn funct ion . It is
ass umed that  component  subassembl y fai lure  mod e f r e q u e n c i e s  can be re-
lated to component  subassembl y des i gn st r e s s/ s t r e n g t h  m a r g i n s and
cr i t e r ia , an d a probabi l i t y can he computed for ach iev ing  a spec i f ied
TBO in te rva l .  The l imi ta t ions  to this  approach are  the lack of component
fa i lu re  mode d i s t r ibu t ion  data p re sen t l y available from t e s t i ng  and field
ex pe r i ence  and t he i r  re la t ionshi p to the des ign  c r i t e r i a .  The p re sen t
limitations are  somewhat offset  in that reuse of the the plan for  subse-
que nt desi gns and redes igns  will ul t imately produce improved and ref ined
com ponen t bac kup data . The rel iabi l i t y suppor t  in te r faces  and data feed-
back flow s u p p o r t i n g  the p lan t h roug h the initial design , development  test ,
an d opera t iona l phas e are  outl ined in Fi gure 47. The releva nt component
data l is t  which  is to be anal yzed for failure mode impact on depot r e tu rns
is der ived from the Maintenance  Allocation Cha rt (MAC), an example of
which is included as Appendix  C. A s s u m i n g  independence of events , t h i s
appended char t  ident i f ies  the components  in need of rep lacement or re-
pair  tha t cause an eng ine to be re tu rned  to depot for  ma in tenance .  These
components  are  listed in Table 20 along with component fa i lu re  modes
ca u s i n g  a de pot re tu r n o f th e complete engine . It become s appa ren t  that
when a TBOin te rva l  is to be speci f ied  for  a new or modif ied de s ign  or
app lication , the MAC must  be prepa red and anal yzed to the new des ign
use cons ide ra t ions .  The m a i n t e n a n c e  des i gn inte r face du r ing  this  phase
must  be concerned p~ imari1y with opt imizing the number  and access ibi l i ty
of f i e ld - replaceable components , and ide ntif ying those components  w h i c h ,
because of t he i r  need to be rep laced , will cause an engine  to be re tu rned
to t he depot .

A fa i lure  mode , e f fec t s , and cr i t ica l i t y anal ysis  (FMECA) and predictio n
provide f requenc ies  and e f f ec t s  of fa i lures  of those depot r e tu rn -caus ing
components  iden t i f i ed  by the MAC. A typ ical FMECA fo rm is shown in
Appendix  D. The FMECA also provides  a supp lemental list of component s
that can cause depot re turns  because of secondary  damage effects  and
system inte ra ction. These component fai lure modes are  listed in Table
21 . The FMECA also ident i f ies  the important  subset  of depot re turn caus-
ing events that may im~~ct mission reliability and /or  flig ht safety . Be-
cause of the concern evoked b y the possible impact of a maximum TBO
interval on miss ion  a n d / o r  safe ty  related events , both the anal ysis and
d esi gn requi rements  of this group are  t reated indepe ndentl y (See Fi gure
48).
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It is r ecommended  that  TBO- in t e  rva l  r e q u i r e m e n t s , as pa rt of t h e  en no
s p e c i f i c a t i o n , i n c l u d e  a p r o b a b i l i t y l eve l  • For ex a m p le , a typica l  r e q u i r e-
ment  t h a t  wil l  be used to expla in  the  fo l l owin g  text  mig ht s tate the a c h i e . ’e -
In~~nt of a 2, 00i )-hour  TBO with a 9 0 - p e r c e n t  p r o b a b i l i t y  and a 5 , 000-hour
TBO i n t e r v a l  for  t h o s e  ev e n t s  i m p a c t i n g  the  a i r c r a ft m i s s i o n  or s a fe t y ; ,t
a 9 9 - p e r c e n t  p r o b a b i l i t y .  Because  the  d e s i g n  and d e ve l o p m e n t  ph a s e  is
spec i f i ca ll y concerned  wi th  the ab i l i t y  of the en ~ ine and its componen t s  to
ope rate sa t i s f ac to r i l y w i t h i n  the  s p e c i f i e d  env i r o n m e n t  and dut y cyc le ,
the TBO desi gn  ana ly s i s  is l imi ted  to events  that  a r e  e n g i n e- c o m p o n e n t
caused . In add i t ion  to a complete  set of per f o r m a n c e  r e q u i r e m e n t s , th
system spec i f i ca t ion  should i n c lu d e  a p roposed  e n g i n e  du ty  cycle  and a n
ade qua t e desc r ipt ion of the t ype of dep loyment and e n v i r o n m e n t a l  s t r e s se s
to which the a i r c r a f t  and eng ine  will he subjected .

EXAMPLE OF DESIGN RELIABILITY ANALYSIS

The example wh ich follows is used to show how the step5 out l ined in Fi~-
ure  49 may be used to “desi gn in ” spec if ied  TBO in te rva ls . For pur-
poses of clari t y, the example re l a t ionsh i ps se lected a r e  s imp l i e r  than
those which wo uld normall y he encountered , hu t this does not l imi t  the
va l id i ty  of the method .

The specif icat ion for the example eng ine  requ i res  an ini t ia l  TBO i n t e r v a l
of 2 , 000 hours  with a 90 percent  probabi l i ty  of a c h i e v e m e n t .  In add i t i on
there is a requirement for a 5, 000-hour i n t e r v a l  wh ich  will not i n c u r  a
depot re turn  which wo uld also impact miss ion  re l iabil i ty  or f l ig h t s a f e ty .
There  is a 99 percent  p robab i l i ty  of a ch i evemen t  requ i red  for  t h i s  inte r-
val.  The engine is to be used in a s ing le -eng in e h el icop~er  t roop trans-
port app lication opera t ing  in re mote posi t ions  f rom un improved  p a d s
with heavy exposu re  to sand , d u s t , and FOD cond i t i ons .  The eng ine duty
cycle for this mission is shown in F igure  50.

The data anal yzed in Section 1 .0 showed that env i ronmen ta l  causes  were
the p r im a r y  reason for  unschedu led  e n g i ne  depot r e tu rns . The installa-

P tion of FOD screens  and pa rt icle separa tors  on T53 eng ines  Wa s l a rg e l y
i n s t r u m e n t a l  in r educ ing  depot r e tu rn  rates by the f ac to r s  6 and 10 re-
spectivel y (see page 36). There  is little doubt that the in i t i a l  conf i g ura-
tion des i gn app lication should includ e e n v i r o n m e n t a l  pro tec t ion .  T r a d e -

- 
. off s tudies may be n e c e s s a r y  to ensure  that  other  p e r f o r m a n ce  r e q u i r e -

- ments  can still be achieved . C o n c u r r e n t  with  these ana l y ses wo uld be t I e
opt imizat ion  of the compressor  d e s i g n  for opera t ion  in host i le  env i ron-
ments . The d e s i g n  for su rge  marg in  and compresso r  components , such
as blades , vane suppor ts , in let guide vanes , and bleed sys tems  m u s t  be
adequate  for opera t ion  in unclean and e ros ive  a t m o s ph e r e s .  Mate rial
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Figure 50. Engine  Duty Cycle for  Example Anal ysis
u sa~~e s hould he double-checked for possible corros ion damage s caused
by s e e m i n g l y in nocuous expos ur es . The presence  of un recogn ized  resi-
dua l s t re s s  levels can make o the rwise  c o r r o s i o n - r e s i s t an t  mater ia l s  fail
p r e m a t u re l y .  The de s ign  reviews and conf igu ra t ion  selections can be con-
side r ed comp leted w h e n  the ag reed -upon  des ign  is jud ged to be cons is-
tent wi th  the exper ience  data list and the governing  speci f ica t ion  require-
ments .

COMPONENT EVALUATION

Concurrent  with or immediate ly  a f t e r  selecting the de s ign  conf igurat ion ,
MAC and FMECA cha r t s  a re  p repared . Samples of these forms appear
in Appendixes  C and D. The MAC id e nt i f i est h o s e  wo rn or failed compo-
nents that cannot be reçiaced or repa i red  in the field , thus requir ing the
engine to be r e tu rned  to depot .  The second group  of components , whose
failure causes secondary  damage  wh ich requires the engine to be return-
ed to depot , are  identi fied in  the FMECA charts . These components and
their  fa i lure  modes are  listed in Tables 20 and 21 respectively.
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The p r e d i c t i o n s  f o r  f a i l u r e  and w e a ro ut  of the com ponents  a r e  made b y
c o mp ar i s o n  w i t h  s i m i l a r  c o mp o nen t s  in  o ther  e n g i n e  ap p l i c a t i o n s . Reason -
a bl e  enem y c o m p o n e n t  data for  r e f e r e n c e  purposes  was obtained b y se-
l e c t i ng  t h e  1 ’ l - l - l I l  po r t ion  of the T 5 3 - L - l 3 A / l 3 B  eng ine  data file . The
sca le  t a c t o r s  needed to t r a n s form wear  l ife and fai lu re  f r equenc ies  f rom
the h i s t o r i c a l  data  wi th  new component  p red ic t ions  mus t  he d e r i v e d  f rom
a c o m p a r is o n  of the e n g i n e  du ty  cycles.  The ave rage  mi s s ion  eng ine  dut y
cyc le  for  t he  U 1!-lH is s h o w n  in Fi gure  51. A c o m p a r i s o n  with Figure
50 (examp le eng ine d u t y  cycle)  shows the following s t ress  re lat ionshi ps:
t h e r e  a r e  onl y one-ha l f  the number  of low cycle fa t igue  (LCF) excurs ions
per  o p e r a t i ng  hour  in Figure 50 , and the in tegra ted  power per  unit t ime
(ene r g y )  ind ica tes  s imi la r  heat s t r e s s  exposu re.  These  s t r e s s  relation-
shi ps a r e  used in Tables 20 and 21 in d e r i v i n g  fa ilure and wearl i fe  esti —
m a t e s .  Parts  w h i c h  a re  not field rep laceable , c a u s i n g t he e n g ine assem-
bl y to he r e tu rned  to depot , are  l is ted in Table 20 , and par ts  that  a re
f ie ld rep laceable but have  fa i lu re  modes caus ing  secondary  da mage ,
wh ic h causes  th e en g ine to be re turned to depot , a re  listed in Table 21 .
The column head ings  l i s t ing  the ana lys i s  data a re  ident ical  for  both tables.
Columns 5 , 6 , and 7 , are  labeled Mean-Time-Be tween-Depo t-Re tu rns
( M T B D R ) ,  Stress  Rat io , and Des ign  Marg in , are used to relate common
com ponent  des i gns with T53-L .- 13A/ 13B data . Signi f icant  des ign  improve-
m e n t s  to be inc luded  in the TBO anal ys is  with the i r  effect  on reliability
are  l is ted in co lumns  8 and q~ Column 2 l is ts  the Estimated Cha racteris-
tic l ive s  that  a re  de r ived  from the de s ign  p a r a m e t e r s .  Desi gn life esti-
ma tes a r e  based on wear  rates , c lass ical  s palling ( B l O  l ives) and fati gue
s t r e s s - c y c l e s .  Weibul l  d i s t r ibu t ion  anal ysis  is used to compute the pro-
babi l i ty  of s u r v i v i n g  the spec i f ied  i n t e rva l s .  Charac te r i s t i c  live s may be
in te rms  of opera t ing  hours  or s t ress  cyc les .

Hig h-c ycle fa t igues  caused b y ha rmon ic  resonant  conditions are  usually
t rea t ed b y des ign  to exist above the normal opera t ing  rotor ranges .
Should they exist below the normal  opera t ing  range , the i r  fa t igue effects
are  included as par t  of the low- cycle fati gue l im i t s .  Weibull  slope para-
me ters  used in this  anal ysis  var y between 1 , ( r e p r e s e n t i n g  a constant

P haza rd  ra te ) ,  and 3 ( r e p r e s e n t i n g  an i n c r e a s i n g  hazard  ra te)  a Weibull
slope pa ramete r of 3 resul ts  in a d i s t r ibu t ion  approx imat ing  the normal
or hell shaped c urve . Method s used to estimate Weibull  pa rameters for
compone nt fa i lure  modes are  listed in Appendix  E. Althoug h knowled ge
of the re la t ionship  be tween Weibul l  parameters  and the desi gn cr i ter ia  is
a l imit ing fa cto r of the component fai lure mode approach , the continued
applicat ion coupled with experience and test ing feedback data will elimi-
nate the de f i c i ency  in the fu tu re . Once the fa ilure mode distr ibution para-
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F i g u r e  51 .  A v er a g e  Mis~. ion  fo r  the  U H - 1H

mete r s  have been de r ived , ‘ robah il i t ies  a re  t h e n  computed  and l isted in
columns 10 a~ id 11 (Table 20 and 2 1 )  u s ing  the  Weibu l l  f o r m u l a  P(s )  = e
exp.  _ (~ _~13 . The  p r o b a b i l i t y  of complet ing 5 , 000 h o u r s  fo r  a componen t
wi th a shor t e r r ecommended  rep lacement  in t e rva l  is c o n d i t i o n a l .  For ex-
amp le , if  r ep l a c e m e n t  were  r ecommended  at ove rhau l  for  a d i sc  with a
cyc le - l imi ted  f a i l u r e  mod e , i t s p robab i lit y of s u r v i v i n g  5 , 000 h ou rs would
be P(s)  2 , 000 hours  squared times P(s)  1, 000 hour s .  Care  must  be taken
no t to t r ea t  r epe t i t i ve  t ime i n t e r v a l s  is add i t i ve  w h e n  ~ is not equal to 1 .

P The models for  c o m b i n i ng  the P(s)  2 , 000 and P(s)  5, 000 a re shown in
F i g u r e  52.  In c o m p u t in e  the eng ine~ TBO probab i l i t i e s , da ta  f rom Tables
2M and  21 a r e  combined and r r eated as one source .

An e n g i n e  sys tem p r o h a h i l i ty  of 90 percen t  for  the 2 , 0 0 0 - h o u r  TBO inter-
val , and 99 .3  p e r  cent  for  the 5 , 000-hour  TRO in te rva l  (miss ion  and
safe t y),  is ob ta ined  for  the ex a m p le a f t e r  c o m b i n i n g  data . This indicates
that  the prop ’;sed en e i n e  d c s i L ~n t u s t  meets  t h e  TBO s p e c i f i c a t i o n  require-
m e n t s .  A review of the components  shows that  the p r i m a r y  l imi ta t ion  of
th i s  par t icula r e n g i n e  in m ee t i ng  the 2 , 000-hour  i n t e r v a l  is  the m a i n s h a f t
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b e a r i n g s .  The p r i m a r y  l i m i t i n g  c o m p o n e n t  in the  5 , 0 0 0 - h o u r  i n t e rva l  is
the s e a l i n g  p late on the N u m b e r  1 d i s c .  A d d i t i o n a l  d e s i gn r ev i ews  l e a d i ng
to c o m p o ne nt  i m p r o vem en t s  for  t he se  c o mp o n e n t s  would he most  e ffe c-
tive in i m p r o v i n g  overal l  e n g i n e  Tf lO capabi l i t y .  The componen t  l i s t ings
of Tables  20 and  21 should a lso  he used  to select  t h o s e  componen t s  that
should be subiec t ed  to a d d i t i o n a l  deve lopmen t  t e s t i n g  and qua l i t y cont ro l
i n s p e c t i o n  leve l s  d u r i n g  the  m a n u f a c t u r i n g  p r o c e s s .

SYSTEM TBO I N T E RVA L  PROBABILITIES

It is the overall  sys tem depot r e tu rn  causes that  d r i v e  m a i n t e n a n c e  cost
up,  an d w h i ch  can p reven t  the a c h i e v e m e n t  of engine  des igned  TBO inter-
vals .  The bene f i t s  of d e s i g n i n g  and bui ld ing  a~i eng ine for  extended TBO
capability can become lost in a dep loyment  system where  noneng ine-
component causes account for the grea te r sha re  of depot r e t u r ns .  It is
info rmative and neces sa ry  to relate engine-caused  r e tu rns  to environ-
ment -caused , u n n e c e s s a ry ,  and convenience r e t u r n s .  A suggested method
is to compa re the improved engine  related probabi lity of 90 pe rcen t  for
a 2 , 000-hour  probabi l i t y to the h is tor ica l  composite engine  r e tu rn  for  all
causes showr. in Figure 2 .  These probabilities , as developed , are listed
in the model sys tem block d iagrams  (Fi gure 53) for compa rative p u r p o s e s .
Composite engine env i ronmen t -caused  re turn  f r e q u e n c y  was 695 events
per  mi ll ion ope ra t ing  hour s .  A s s u m i n g  a random d i s t r ibu t ion , the pro-
bab i l i t y of s u c c e s s f u l ly complet ing a Z , 000-hour  TBO in te rval  is
e exp. - ( 

~~~~~~~ = 25 percent . This  value is e ntered in block C. ,Simila r-
ly, the conv’enience re tu rn  rate of 292 per million hours  yie lds a proba-
bilit y of 56 percent , which is entered in block B; and the u n n e c es s a r y  re-
tu rn  rate of 12 1 per million hours  y ield s a pr ’obabi li t y of 79 percent
entered in block D. Assuming independence  of events , t he expected sys-
tem probabi l i t y of achieving 2 , 000 hours  is onl y 10 percen t  in spite of
the hig h (90 percent)  capability of the eng ine (see Fi gu r e 53 , Example A) .
It is in te res t ing  to note that the ori ginal composite engine component-
caused return rate of 303 per million wo uld have resulted in a depot
success  interval  probability of 55 percent , and a system success pro-
babili ty of 6 percent (see Figure 53 , Example B). Thus , an increase  of
35 percent  in engine-compoennt TBO capability y ield s only a 4 percent
benefi t in the system . This means that improvements in environmental
protection or a decrease  in convenience returns could be more cost ef-
fective than engine component improvements . A system model analy sis
is neces sa ry  to es tabl ish  the eng ine interva l probability for TBO speci-
fication requi rements .
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>~ 
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Co i l  

~ L~:~H rN=8Y

MAT4 -4 MI 1(1( 1

PA P . . , P . P . — O V E R A L L  ~ Y~~T F  M P R O B A B I L I T Y
ii ,\c lil~~V t ~~~ 2000 HOURS

EXAMP L E A .90 . 56 25 . /9 10 PE HL~ ‘~

EXAMPL E S .55 56 ~ 25 /5 = 6 P E R C E N T
X* 00 441 05

Fie ur c  ~~~~~~ System Block Diag ram and Math Model

To sum m a r i z e , the neces sa ry  elements to establish a p rocedure  with
r e l iab i l i ty  i n t e r f a c e s  for hig h initial TBOt S are :

1. A specif ied in terva l  and probabi l i ty  for the engine d e s i g n  require-
ment  which adequatel y d e s c r i b e s  the sys tem env i ronment s  and
eng ine du t y cycle .

/

2 . The iden t i f i ca t ion  of the component  fai lure modes responsible  for
depot r e tu rns  in the  su l n e c t  e n g i n e  c on f i g u r a t i o n .

3. A W e i h u h l  a n a l y s i s  ‘f the  components  to de termine  the probabil-
i t i ( 5 a s soc ia t ed  wi th  each  fa i lu re  mod e for  reliabil i ty and dura —

- . 
p b j l i t v .  E v e n t s  wI ,  ich a lso  impact  miss ion  accomp l i shmen t  or

sa fe ty  should  be anal yzed separate l y.

4. An e~ ‘i ae eva lua t ion , !s ing  a model that  combines component
probab i l i t i e s  i n to  an  eng ine  probabili ty for the de s ign  interval
t ime.

5. A tes t ing  p r o g r a n  to subs t an ti a t e  the “designed in ” initial TBO
capabi l i t y .
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T ah ic  20.  P ar ts  ~~~~ F ie ld  Rep laceable ,Ca i s i ng l ) s . p ,t F~ e t , r I -,

P,ss ib le  F st i u , at , ’d  
r 

WeibuIlJ Re f . l L s t ~ T 3- F- I 3A K B Transp rt  \~ is  si u.
F a i l u re  C h a r a c t e r i s t i c  Shapu . . . -. . . - f ) . ‘ j  L f l

Part !.0~ Parameter N I T B D R  S ( r ’ s s  i i . at i o  h s g n - t r . - n ~~ h - I h an c’e 
— —

N um b e r  ~ ( T h c. e Fracture - 1.6 437 , 755 - 2. 3X M ater ia l
Bearin~ ( E . l t i C , - )  [7] ( c )  Change
Package

R ace  Ruta t i on  - — 766 , 072 - - Pinning
[4] R aces

~p s 1 I i n g  — 1.2  — — — —

~ t r . -~i Oil — — — — — —
Ir.~pe 1ler

Oi l  .~ ,-aI  — 3 .0  11 , 563 — — Face Seal 2
‘V. - , s r - ( oI~ing [2 6 5]

‘ s r  \ i- r a r t , r r  3 , 621 , 000 
(3 )  

1 .6  2 , 516 , 450 - -

D r i ve  ( F a t i g u e )  [oJ

(4)
W e a r  100 , 000 3 . 0  - — — -

I SpaDing

Gea r A s s v  F r a c t u r e  3 , 621 , 000 
(3)  1. 6 j 2 , 516 , 450 - - -

N 2 Dr i ve  [o]

F r a c t u r e  3 4 621 , 000 
(3) 

1.6 2 , 516 , 450 1 - - -

Shau [o]

Sp u n . .  Wea r 50 , 000 3 .0  - - - -

Inlet  H 5g .  I’ r .sion Wea r  20 , 000 3 .0  - — — — 
— .- . — - -.—~~~~~~~~~~~~ - ~~. 4 . .~~~ . __~

(a)  P r o b a b i l i t y  of s u cc es s f n l l y  cornp let ihg 2 , 000 hours  of opera tion
wi thou t  a depot r e t u r n  event .

( i i )  l’ r~, I , a b 1 l i t y  of successful l y comple t ing  5, 000 hours  of operat ion
wi thou t  a ~ .p t and mis s ion  and s a fe ty  event .

( )  ~~~~~~~~~~ in  a t i e .  
_

~~~~~~~~~ . L.
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t cea hle .( ,t ,s ,n~ l)epot Reti irns

~~~~~~~~~~~~~~~~~~~~~ 
_

J
_ . 

~~~~~
. - — -__________________

Re d e s i g n
T r t n sp r~ \~ i s s~~~n E s t im a te d

~ D e s icn  C h a r a c t e r i s t i c  (a) (b) Component
~ ~ icn ~-‘t r ~ -n c t b  ( h a n l Z e l i f e  F ( s )  2000 F ( s )  5000 R e t i r e m e n t

2. ~X M a t e r i a l 1 , 157 . 000 . ‘~~~962 . 999835 - C o r i s e r - .’a t ive  e s t i m a t e  based
hange  I on new m a t e r i a l  fa t igae  l i fe

— Pinn ing  F r i lj m it ed  - - - R ace p i n n i n c  e limina te s  th i s
R a c e s  fai lure  mode

- - 50 , 000 . 9 7 9 2 0 7  - At OVHL (1 )  Est imated cha rac te r i s t ics
(2000 FIr) I Life  f rom 1310 Life

- - - - - - There  have been no known events in
3 , o~ 4 , 29 1 hours  for  this design

- Fa~ Seal 20 , 000 .999000 - 4000 H r .  This des ign  is not LCF sensit ive .
(On condition) (2)  Est imated f rom tes t  data .

Coking problem el iminated with
face seal con f iguration

- - . 999994 . 999973 - (3) Based on zero f a i l L re s  in
2 , 5 16 , 4 50 hours
50% Confidence

— — — . 999992 - - (4) Class ica l  wear  l ife exceeds
this est imate

- — — .999 994 .999773  -

- - - . 999994 . 999973

- - - . 999936 - -

— - .999000 -

1. --.-- ~~~~~~.- - _ _- . .

~ 

- - - ,



Table 20. Pa rts Not Field R ep laceab le , C a u s i n g  D
. - - . . - 

Poss ib l e  F s t im a t e d  W e i b u l l  Ref . D a t a T 5 3 - L - 13 A & B  Tri ~n spor t  M i s s i o n
F a ilu r e  C h a r a c t e r i s t i c  Shape 

- --— — D e sj ~
Par t  Modes  L i f e  P a r a m e t e r  MT BDR St ress  R a t i o  Design S t r e n g t h  Chan ~

Com p re s -  I - - - 9, 770 LCF - Tl  R
sor R o t o r  [174J 1 /2  C yc l e s
A s s y

UI Rotor Fatigue - 3 .0  - - - TI  R

St~~. 1  Disc Fat i K O - 3 . 0 - - - -

IGV W e a r  — 3 . 0  3 , 064 , 291 — — —

Cen t r ~.i ’ . i ga1  F . ~~~~- 28 , 000 ( y l es  B 3 .0  117 , 857 LCF  Incr Strength Th icF
I n p e l l er  I r a l  t i r e  ( 5 )  ~26] 1/ 2  Cycles Bending BladA

I ECP

W e a r  — B = 3 .0  — — — —

A i r  Fa t i gue  — B = 2 . 0 21 8, 878 1/2  C ycles — —

1) i f fu s e r  (
~ r a c k s  I [14]

Im p e l l e r  F r a c t u r e  - - 82 , 819 - 4X Ne v
Bolts  I [37] M ate

~~ To

I ing 

— — — .
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)ep laceahle , Caio-~i n g  Depot R e t u r n s  ( C o n t i n u e d )
-——------ —-- - - - -~~ — - —-— -- —— -- — - - - — - - 

~~~~1
R e d e s i gn

or t  M i s s i o n  I Est imated
- Pes i~~n Character is t ic  (a )  (h) Component

si gn S t r e n g t h  Change Life  P (s)  2000 P( s)  5000 R e t ir e m e n t  Notes

- T I  Ro to r  — - - - Des ign  c h a n g e  f rom AL. to TI
resu l ted  in 0 f a i l u r e s  in over 6
I1ii IIi~ in

( 5 )
— Tl Rotor 33 , 000 C ycles  . 999777 . 999527 At OVHI.  (5)  Lower  3 o  Value (.999)

(2000 Hr.)

(5)
— - 50, 000 C yc l e s  . 999936 . 999864 At OVHL

(2000 Hr.)

- - 30, 000 . 999704 - On Condition
At OVHL

:r Strer.gth Thicker — .9996 36 .999226 At OVHL
riding P,lades (2000 Hr.)

ECP

- - 50, 000 . 999936 - On Condition
At OVHL

- - Thermal . 990050 - On Condition
20. 000 Cycles At OVHL

4X N~~ ’ Unlimited - - - Failure mode eliminated
Mater ia l
& Torque-
ing

- - _ _ _ _ _ _ _ _ _ _ _ _



Table  2 I . F iel d R ep laceable  t’ t r t s  W i t h  Fa i lu re Modes Cau

Possible  l s t i n i at , d  W e i b u l l  Re f . Data T 5 3 - l - l 3 A & B  Transpor t  \~is s ion  Fs t
F a i l u re  ( h a r a c t e r i s i ~ Shape ~~~~~~~~ Des ign  C h a r

P ar t  \ l , d , s  I i t .  P a r an i e t , r M T B D R  Stress Rat io  Desi g n \I s r g i n  (;h ange
—_ _ _ _ _ _ _ _ _ _ _  _ ___- _ _- -_ _ _ _ _

\~~~. 21 R l l , r  S k e w i n g  — — 119 , 831 1/ 2  C y c l e s  - E.O.  Un liri
[21] (c) 80313

Incr  R o l l e r
End Rad .

~ p , s l l i n g  2 , 000 1. 2 - - - -

\ . 21  C s g , -  Frac t u r e  - l . i, 3S9 , 493 1 / 2  C ycles  2 3X Cage
F e s r i n~ ( L , t t j g, , , . ) I [7] M a t e r i a l

I 
Ch ange

Race  Ro ta t ion  - - 141 , 176 - - Pinning l ri l~ -

[31] Races

I ECP

Spal l ing 260 , 000 ( 1 )  1 . 2  148 , 026 - - -

[17J

‘
~~~ ,. 4 Cage F r a c t u r e  1 . 6 838 , 817 1/2 Cyc les 2 .  3X Cage 2 , 20
l . - i r i ng (Fat igue)  [3] M a te r i a l

I Change

Spalied 50 , 000 ~~ 1 . 2  629 , 113 — — —

[4]

(
~~n i lp r . - s -  Fracture 3 , 1,2 1 , 00C 1.6 2 , 5 16 .450 1/ 2 C yc les - TI Rotor
sor Blades  (Fati gue) [o]

Sun Gear Fatigue 3 , o2 l , 000 1.0 2 , 5 16 , 450 1/ 2  C yc l es - -

Frac ture  [0]

BIade N ’. . I Fatigue 2 , 800 , 000 1 .6 2 , 516 , 450 l I Z  C ycles  - -

G. P. Tiir ’o. [I]

Re ta in er  Unseated -  2, Sli ,,450 - - Chan ge
No. I I t i]  Cool ing
Wurb .  

-  I _ L~~~ _J Syst .
(a) Probabi l i ty  of su c c e s s ,u l I y completing 2 , 000 hours  of operation

without a depot r e tu rn  e v en t .
(b) Probabil i ty  of succes s fu l l y completing 5, 000 hours  of ope ra t ion

w i t h z u t  a depot and miss ion  sand safety event.

~~~~~~~Number s in I J a r e  n u m b e r s  of occur rences .  _____________
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Ic Pa r t s  ~V i t t ,  I ij l i , r e  Mod , - s  C a usi n g  De pot R e t u r n s

R e d e s i g n  f
‘r t  M i s s i o n - Fs t irna ted  I

l ) , - s i  ~n I C} i  at  ac t e r ist i c  (a )  (h )  enponent
~~i~~~ti \ t a r , z i n  ( hange I l i fe  F ( s )  2000 P ( s )  5000 ~ t i r e m e nt ‘J~ t i s

— 1- .0. I t in l imi ted  — — — F a i l u r e  mode e l i m i n a t e d
~i f l 3 l~ I
I n c r Ro l l e r i
E nd Rad . I

- - - . 9 8 0 15 3  - o n  ( ondit ion Depot r e t u rn  for  oil c o n t a m i n a t i o n
I At V I I I  ( 1) Based on B l O  l i fe

2 .  ~X C t ~~e p50, 000 . 1 1 1 ’ 4 ~4 - 1 1 1 7 7 4  - C o n s e r v a t i v e  e s ti m a t e  based
M a t e r i a l  on im proved m at e r i a l
Change

- P i n n i n g  Unlimited - - - Fa i lu re  mode el imina ted
R a c e s  I
FCP

- — fl7( 14 - On ( on d i t i on  Depot r e tu rn  for  oil c o n t a m i n a t i o n
\ t

2 . 3X C- .,~~e 2 . zoo , 000 - ~0 1094 1 -

M a t e r i a l
( hange

- — I - . 97 1207 - On C n i , d i t i o n  Depot r e tu rn  for oil contamina t ion
I At OVID

- T I  R tor  - .999994 .9999 73  On Con d i t i on  Based on 0 f a i iu r es
At OVHI. 2 , 516 , 450 h o u r s .

- 999994 . 999973 On Condition Based on 0 f a i lu re s- — At OVHL 2 , 5 16 , 450 h o u r s

- - — .999991 .999960 -

C h an ge - I - - - F a i l u . ,  mode e l iminated
C ‘‘I in~

M t
- 

t _

, 

——  -~~
-
~ —



p , 1

Table 21. Field Replaceable Pa rts W i t h  F a i l u re  M

Possible Estimated Weibull Ref . Da taT 53 -L - l 3A&B Tranpor t  M i s s i o n
Fa i lu re  Character is t ic  Shape ~ 

- - -  —- De~
Part Modes Life Parameter MTBDR Stress Ratio ~)esign Margin CF

Blade Fati gue 2 , 800 , 000 1. 6 2 , 516 , 450 LCF  - -

1st P. T . 1/2 Cycles

Fuel P1 Bellows - 3.0 2,516 ,450 - 4X Sta
Control F r a c t u r e  [1] St,-

B~

Dr ive  Splirte 3.0 838,817 — 3X Inc
Wear [3] - Dr

- g aL

No. 3 Spalling I 100, 000 1.2 - - - -

Bearing

Ra te Rotation - - - - - -

Plating Adhes ion  - — 2 , 516 , 450 — - -

Oil Impeller [i]

G . P. Thermal  - 3.0 2,516 ,450 - - -

Nozzle F atigue Cracks [i]

(2)
G .P. Fatigue I00,000 Cy. 3.0 - — — —

Tu r b ine
No. I Disc

G. P. Fati gue zz , ooo c~~
2 )  3 .0 - LCF - -

Turbine 1 /2 C ycles
No. 2 Disc

P.T . Fat igue 100 , 000 C y(.2)  3 .0  - LCF - -
Turbine
No. I Disc

P .T .
Turbine Fatigue — 3.0 — 1/2 C yc les - -
No. 2 Disc
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a r t s  \ V i t h  F a i l u r e  Modes Causing Depot R e t u r n s  (Cont inued)

Redesi gn T
Dort M i s s i o n  Est imated- — Design Character is t ic  (a) (b) Component
esico Margin Change - Life P(s) 2000 P(s) 5000 Retirement Notes

- — — . 999991 . 999960 On Condi t ion
Field .

4X Stainless Unl imi ted  - - - Failure mode eliminated
Steel I

- Bellows I
3X 

- 
Increased Unlimited - - - Oil contamination and power
D r i v e  E n —  loss
gagement

- - - - 
. 990896 - On Condi t ion  Depot re turn  for oil contamina-

At OVHL tion

- 
- 

- - - - - Fai lu re  mode eliminated

- - - - - - Silve r plating removed from
im peller

- - 8, 000 . 984496 - On Condition Sli g ht rub caused depot return
Field

— — — . 999992 .999875 5000 Hr. (2) Estimated cycle life is lower
Field 3 a value (.999 Confidence)

— — - . 999249  . 998405 2000 Hr .
Field

- - - .999992 .999875 S000 Hr.
Field

5000 Hr.

— — 22 , 000 C y .(2 )  . 999249 . 998405 Field 

-  _ _-

~~

- - - .-  _____---- -- - -

~~~~ 

- - - --~~~~~~~~_ _ _ _ _

____  

— 
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Table 21 . Field Replaceable I’arts With Failure Modes Causine [

Possib l e  Est imated W e i b u l l  R e f . D a t a T 5 3 - L - l 3 A & O  T r a n s p o r t  M i s s i o n
F ai lu r e  Characteristic Shape - - - - 

Des  i~ in

Par t  Modes  L i f e  Pa rame te r  MTBD R S t r e s s  R a t i n  Des i gn M a r g in Change

Sea l ing  F a t i g u e  — 3 .0  - LCF — —

Plate 1/2 C~ c l es
No. I Disc~

Oil Pump 
I 

I m p e l l er /  2 , 800 , 000 1 . 6  2 , 516 , 450 1~CF - - -

Shaft [1] 1/ 2  C yc le s
I Frac tu r e

Fati gue
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- ‘a r t s With  Fa i lure  Modes C a u s i n g  Depot R e t u r n s  (Con t inued)

Redesi gn
T r a n s p o r t  M i s s i o n  F st ima ted- Des ign  C h a r a c t e r i s t i c  

‘a )  ~~~ Component
Des ign  M a r g i n  C h a ng e  L i f e  P( s)  200b F(s )  50~ ’d R e t ir e m e n t  Notes

— — 2~ , O00 ~~~~~ .999488 .998913 Field
(2000 hr)

— — — .99999 1 .99996 0 -

-j



3 .0 E’~-A Lu A r lo~ OF ~\ D V A N C E I) D E V E L O P M EN I ’  CONCEPTS

~-\ E R O T H E R M O D Y N A M 1C CO M P O N F ~NTS

The  development of gas t u r b i n e  t e c h n o l o g y  ha s  c o n s i s t e n t l y p u r s u e d  the
ob j e c t ive  of i m p r o v ing s p e c if i c  t u e l  consumption (sfc). Today, the hi gher
cos t  of f u e l  h -I s  g eu c r a t e d  an addi t iona l  i n c e n t i v e  fo r  the deve lopment  of
f ue l  c o n s e r v a t i ve e n gin e s .

The  m~t in  des i gn m e a n s  of a c h i e v i ng  lower  sic consis ts  of 2nc reas ing  both
c y c l e  p r e s s u r e  ra t io  and t u r b i n e  in le t  t e m p e r a t u r e .  T h e r e f o r e, all aero-
the rmod y n a m i c  means  [or  a be t t e r  sic a r e  inherent ly conducive to lower
eng ine re l i ab i l i t y. In c r e a s i n g  component  e f f i c i e n c y  also contr ibutes  to
improved  eng ine s f c ;  ho w e v e r , p r o g r e s s  b y th i s  method  is l imi ted since
componen t  e f f i c i e n c i e s  have al read y reached a h i gh level .

COMPR ESSOR

To achieve  hi ghe r  cycle p r e s s u r e  ra t ios , c o m p r e s s o r s  mus t  be designed
wi th  an increased n u m b e r  of s tages  and with additional part- load alleviat-
~ng d e v i c e s  such as v a r i a b l e  g e o m e t r y  s ta tors  and airbleed provis ions .
T h e r e f o r e , because  th i s  r esu l t s  in addi t ional  bulk and weight , c o m p r e s s o r
d e sig n  has leaned toward  the r educ t i on  of the  number  of stages by increas -
ing the i n d i v i d u a l  stage p r e s s u r e  ratio. This concept applies to centrif u-
gal  as wel l  as to axial  s tages .  Since th e r e  a re  s t r ingent  physical  l imi ts
to the spec i f i c  ae rod ynamic  blade loadin g that can be achieved without in-
t roduc ing  an e f f i c i e n c y  p e n a l t y ,  advanced  c o m p r e s s o r s  a re  desi gned fo r
i ncr e a s i n g l y hi ghe r  rota t ional  speeds and hi gher  airf low velocit ies.  Con-
sequent l y, the blade and  disc s t r e s s  levels  increase  continually, whi le  the
re lative th i ckness  of the blade prof i les  decreases  to accommodate the re-
su l t an t  hi ghe r  Mach n u m b e r s .  A s a r e su l t , not onl y do the blades become
more suscept ib le  to erosion and other f o r e i gn object damage , but th e
stage and the compressor  su r g e  m a r g ins decrease.  The hi gher load ings
now associa ted  w ith hi g he r  Mach n u m b e r s  at the blade s may genefa te
st ronge r  blade and disc v ib ra to ry  excitations.  Hi gher  vibration modes
were deemed ha rmles s  he re tofore .  Now they must  be avoided , together
with the more conventional  f i r s t - s h a f t  bendin g and torsion modes , over a
wide eng ine operating range. Moreover , maintaining hi gh eff ic iency while
using hi gh aerodynamic  blade loadings requi res  a reduction of the blade
tip c lea rances  that substantial l y increases  the danger  of destructive blade
casing rubs.
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A x i a l  C o m p r e s s o r  M at er i a l s

1i sm,tlle r engines , the t rend wil l  be t o w a r d  i n te g r a l l y cas t  in lieu  of sep  —

a rat t - l y b laded  a’:ial stages of h IP Custom -150 ’’ m a t e r i a l. Con s e q u e n t l y,
f i e l d  r ep l a c e m e n t  of c o m p r e s s o r  b lades  wil l  not  be poss ib le .  The g e n e ra l
c o r r o s i on r e s i s t a nce  of th i s  m a t e r i a l  wil l  be s l i g htl y i m p r o v e d  over  tha t
of other SCm ulustenic sta inless steel such as ‘‘ 1 7 -4PH’ , ‘A M 3  ~0” , ‘AM
355 ’’ , and it w i l l  be s u p e r i o r  to t h a t  of other martensitic stainless st e e l .s;
e .g . , “ 4 1 0”  and ‘ G r e e k  A s c o l o g y . HIP Cus tom 450’ s hi g h - c y c l e  f at i g u e
(HCI- ) p e r f o r m a n c e  is e x c e l l e n t  and will ex ce ed tha t of w r o u g ht t i t a n i u m
a n d  nickel- ta se alloys (the most commonl y used  m at e rial fo r  c o m p r e s s o r
b l a d e s ) .

C o m p r e s s o r  case s made of cast  m a g n e s i u m  will cont inue to be used whe re
temper a tu r e  and p r e s s u r e s  permi t .  Even thoug h p r io r  ex p e r i e n c e  has been
a c c e p t ~~ble , som e improvemen t  in c o r r o s i o n  pro tec t ion  s y s t e m s  wi l l  be
i n c o r p o r a t e d .  This  will  have the  e f f e c t  of improv ing s t r u c t u r a l  i n t e g r i t y
at m i n o r  i n c r e a s e s  in cost. To cope with t e m p e r a t u r e  and  p r e s s u r e  in-
c r e a s e s  as sociated with adva nced t h e r m o d y n a m i c  cy cle s, cast tita n ium
cases will most likely be used fo r  the rad ia l  c o m p r e s s o r  stage because
t t t - y  wi l l  prov ide excellent s t ruc tu ra l  i n t eg r i t y  and v e r y  low main ta in-
abi l i ty  costs , since no corros ion p ro tec t ion  s’;st ems will  be requi red .

E r o s i o n  r e s i s t ance  fo r  a given m a t e r i a l can be i m p rov e d  t h r o u g h the  use
of a ha rd  coating. A p o w d e r e d - m e ta ’ (PM)  sup eral l i : ’ y such as ‘PA 101”
has demons t r a t ed  that it has the best  i n h e r e n t  r e s i s t a nc e  to  e ros ion  and
cor r o s i o n  of all other potent ial  c o m p r e s s o r  m a t e r i a l s  examined ,  The use
of PM w ould involve separately bladed r o t o r s  and thus  resu l t  in hi ghe r
cos ts  than  those  integrally cast wi th  HIP Cus tom 450. A n o t h e r  advan tage
of PM blades is tha t  they would be f ie ld  r ep laceable.

C u r r e n t l y ,  p rog rams  exp loring low-cost  approaches  to blade m a n u f a c t u r e
and a t t achments  a re  in p rogress .  The a t t achment  concepts  involve loose
to le rance  for  low cost and the use of a pott ing mate ri a l .  Th is  a t tachment
concept  has been demonst ra ted, and while field rep lacement  o individual
blades may  not be possible , repair at a depot is possible. This concept
o f f e r s  the potent ia l  of reducing overa l l  sys tem co.~ts th roug h improved
m a i n t a i n a b i l i t y  for  those app lications w h e r e  separately bladed ro tors  are
necessary .
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G e n t r d u g a l  C o m p r e s s or

i ’he u se  of w r o ug ht t ita  n i u ,n  w i l l  cont inue to be used for  most  c e n t r i f u g a l
im pell e r app lic a t i o n s .  As temperatures increase , improved alloys such

as T i - t ~~’4b wi l l  be used . 1’or s m a l l e r  eng ines , i n v e s t m e n t  cas t  i m p e l l e rs
of alloys such is HIP Custom 150 are likel y to be used f o r  r e - i  5011 s of cost.
\ t a i n t a in a b i l i ty  f o r  e i t h e r  ease  should  continue  to be exce l l en t .

C o m p r e s s o r  R e l i a b i l i t y  A s s e s s m e n t

The da nger of higher  disc and b lad ing  s tr e s ses  is gene ra l l y met  s a t i s f a c -
tor i l y b y the use  of hi gher  qua lity ma te r i a l s ;  i .e ., mate r ials w i t h  h i gh e r
specific and absolute strength capability1 such as titanium and steel.
H en c e , hi g h e r  s tead y - s t r e s s  l eve l s  wil l have  l i t t le impact  on the  op era -
t iona l  r e l i ab i l i t y  of a d v a n c e d  c o m p r e s s o r s .

l’he s t r u c t u r a l  w e a k n e s s  of r e l a t i ve ly  th in  b lades  can be pa r t i a l l y sup-
p r e s s t ’( l  b y s e l e c t i n g  l a r g e r  blade c h o r d s , t h u s  keep ing the abso lu te  th i ck -
ness of the  p r o f i l e s  l a r g e  enoug h to a f f o r d  s u f f i c i e n t  r e s i s t ance  to corro-
sion and e f f e c t s  of f o r e i gn object  impact and , at the same time , maintain
the  c lose  d i men s i o n a l  t o l e r a n c e s  n e c e s s a r y  f o r  e f f ic ien t  operat ion. Lower
blade i s pe e t  r a t i o s  a lso  cont r ibute  to the m i n i m u m  action of the su rge
m a r g in d e t e r i o r a t i o n  expe r i enced  in hi ghl y loaded stages.  The advanced
blad e c o n f i g u r a t i o n s  of h ighl y l oaded , hi gh Mach number  stages will have
onl y moderate adverse impact on operational reliability.

The dange r  of blade ti p / c a s i n g  rubb ing  can be avoided par t ia l ly by the de-
ta i led eva lua t ion  of the d i f f e r e n t i a l  ro tor  end casing radial dilations , abra-
dable cas ing  coa t ings , and s h r o u d  inse r t  ma te r ia l s  that m in imize  the  f r ic-
t i o n a l  e f f e c t s . H o w e v e r , the a s y m m e t r i c  de fo rma t ion  of the compresso r
c a s i n g  c a u s e d , f o r  i n s t a n c e, b y the p resence  of s t ruc tura l  elements c ross -
ing the f l o w  paths  and by eng ine mount  fo rces  consti tutes an operational
haza rd that may have a substant ial , adver se  impact on the reliability of
arl .-a n ced , hi gh- p r e s s u r e  rat io compresso r .

I
The danger  of hi gh vibrat ional  s t resses can onl y be partially avoided by
the use of low-aspect  ratio blades. In spite of increasingly detailed anal y-
t ica l  investigations , it is virtuall y impossible to avoid resonant  excitation

- - f o r  all critical v ibra tory  modes over a wide eng ine-operat ing range. As
a result , hi gher  blade excitation fo rces  may substantially degrade ad-
vanced compressor  reliability.
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F h e  d a n g e r  of l ower  su rge  m a r g ins obv ious l y mus t  he a ssessed  at t h e  en -
g ine d e s i g n  s tage.  D u r i n g  eng ine d e v e l u p u i e -~t , component s ar e  co r rec t l y
m a t c h e d  to avoid c o m p r e s s o r  s u rg e .  H o we v e r , as c o m p o n e n t  p e r f o r n u a n c i ’
deter iora tes , the  re q u i r e m e n t  co ma in ta in  eng ine powe r may cause  the
c o m p r e s s o r  to ope r a t e  c l o se r  to i ts  s u rg e  l im it. T h e r e f o r e , p r e m a t u r e
d e t e r i o rat i o n  of s u r ge  m a rg in c o n s t i t u t e s  an i ncr e a se d  opera t iona l  haz-
i r u  of a d v a n c e d  c o m p r e s s o r s .

The  i m p a c t  on o per a t i o n a l  r e l i a b i l i t y  of a d v a n ce d  d e si g n  concepts  presen t -
l y in d e v e l o p n~ e l . t  f o r  h ig h -p r e s s a r e  rat io c o m p r e s s o rs  car.  be minimized
by  i mp rov e d  ~n e ch i n i c a l  de sign  pr os  i s ions  and by o p e r a t i o n — m o n i t o r i ng
t e c h n iq u e s .  How e ver , since  all  m e c h a n ic a l  p r o b l e m s  may not be c o r r e c t -
ed d u r i ng  the  e n g ine q u a l if i c a t i o n  s tag e  an d  the  capabi l i ty  of on-board
n-ion ~t or in g  equi pment  is l~~~~ted , ~t is possib la  that  the reliability of hi gh —
p res  s u r e  ra t io  c o m p r ess o rs  w i l l  be ad v e r s e l y a f f e c t e d  by the  advanced
(lesiglI pr ovisions c u r r e n t l y e n v i s i o n e d  to  i mpr o v e  e n g in e specific fuel
c o n s u m p t i o n .

TUB l~ INE

To ~v i t h s t 0 n d  hi gh e r  inlet  t e m p e r a t u r e s, t u r b i n e s  m u s t  ae des i gned with
im p r o v e d  m at e r i a l s  an d  coo l ing  p rov i s ions .  Hence , it is n e c e s s a r y  to in-
c r e a s e  the  a m o u n t  of c o o lin g  a L r  e x t rac t e d  f r o m  the co m p r e s s o r  f o r  two
reasons

1. A l a r g e r  q u a n t i t y  ot hea t  mus t  be removed  f r o m  the  hot metal
p a r t s  b e c a u s e  of the  hi ghe r  gas t e m p e r a t u r e .

~ . The p r e s s u r e  level of the cooling air  tends  to increase  as cycle
p r e s s u r e  rat io i nc rea se s, and the  air  t e m p e r a t u r e, o nseq u e n tl y,
t ends  to increase .

Since a subs tant ia l  aerod y n a m i c  p e r f o r m a n c e  penalty is associated with
cooling, the tendency  is to m i n i m i z e  the amoun t  of cool ing a i r  and to op-
erat e the t u rb ine  with metal  t empe ra tu r e s  closer to the m a t e r i a l ’ s st rength
l im i t s .  Moreover , as cyc le  t e m p e r a t u r e  increases , c i r c u m f e r e n t i a l  tem-
pe ra tu re  d is tor t ions  at t u r b i n e  inlet become more critical. Tempera tu re
peaks must  be min imized  to avoid cri t ical  hot spots on s tators  and o ther
sta t ionary  tu rb ine  e lements .
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Like c o m p r e s s o r s, m o d e r n  t u r b i ne s  are  d e sig n e d  w i t h  inc reas ing l y hi g h e r
• ae rod y n a m i c  l oad ings  tha t  gene ra t e  s t r o n g e r  b l ade and d isc  v i b ra t o r y  cx -

— c i ta t ions. Keep ing a hi gh e f f ic iency also recj ui 1~ s ti g h t e n i ng  of t he  blade
• t i p c l e a r a n c e s  and leads  to desi gn - i  wi th  m i n i m u m  t r a i l i ng - e d ge th i ckness ,

w I . i c h  subs tan t ia l ly i n c r e a s e s  th e  s e n s i t i v i ty  of cooled blades to tempera -
t u re  e ro s ion .  Hi ghe r  ro ta t iona l  speeds a lso  r es u l t in hi g he r  s t r e s s  l ev e l s .

T u r b i n e  D i s c s

It is an t i c ipated that  PM t u r b i n e  discs  will  be widel y used in f u t u r e  er-
g ines. These  discs have the  potent ial  of being lower  in cost , as a r e s u l t
of s impl i f ied  f a b r i c a t i o n  p rac t ices , having lower  ma te r i a l  input  wei g ht
and being more  am enabl e to u lt r a son ic  inspect ion because  of t h e i r  f i n e r
g ra in  size and m o r e  u n i f o r m  s t r u c t u r e. The lat ter  a t t r ibu te  will p ru ~ ide
a h i g her  level of qua l i ty  in t u rb ine  discs and , t h e r e b y, improve re l i ab i l i ty.
PM s u p e r a l l o y s  will p rov ide improved  tu rb ine  disc l ife due to t h e i r  hi g h e r
mechanica l  p rope r t i e s, specif ical ly be t te r  low -cycle  f a t i gue l ife , and
s t r e s s - r u p t u r e  s t r e n g t h .

T u rh i n e  Biades

The n e x t - g e n e r a t i o n  t u r b i n e  e ng i n e s  will involve the  wider  appl ica t ion of
d i r e c t i o n a l ly so l id i f i ed  (DS) supera l loys  f o r  t u rb ine  blades.  These  ma te r i -
als wil l o f f e r  nominal l y 40° to 50°F i m p r o v e m e n t  in t e mp e r a t u r e  capa-
bi l i ty  over  t h e i r  convent iona l ly cast  c o u n t e r p a r t s .  The main  a d v a n t ag e s
of DS blades wil l  be grea t l y im p r o v e d  t h e r m a l  fa t i gue r e s i s t ance .  Oxida-
t ion and su l f i da tion  r e s i s t a n ce  of DS cas t ings  will  he e q u i v a l e n t  to conven-
tion al cas t ings , wheth er coated or bare , since env i ronmenta l  res i s tance  is
a f u n c t i o n  of composi t ion.  For  improved m a i n t a i n a b i l i t y ,  p r ac t i c e s  to
st r i p, inspect , and recoat  blades can be developed to reduce  m a i n t e n a n c e
coSt s .

F i r b i r l e  R e l i a b i l i t y  A s s es s m e nt

The f o l l o w i n g  concepts a re  used to enhance  the r e l i ab i l i t y  of advance  en-
e e c  d e s ign :  i m p r o v e d  ma t e r i a l s, lower  blade a s p e c t  ra t io , and con t ro l l ed
g r o wt h  rates of rotors  and cas ings .

The p r o b l e m s  in the t u r b i n e , l r ow e~’er , a r e  m u c h  m o r e  s e r i o u s  t h a n  in the
c o m p r e s s o r .  R e c e n t  e x p e r i e nc e  of the  a i r l i n es  u s i n g  the  new gene ra t i on  of

hi gh - t e m p e r a t u r e  f a n  eng ines c lea r l y show s tha t  the  n c ~ h i r l i c a l  i n t e g r i t y
of the h o t - e n g ine s ec t i ons  ha.s been sa c r i f i c e d  in sp i te  of the  p r o g r e s s  of
I l l e t t l l l A r g y ,  coo l ing  t e c h n iques , and a n a ly t i c a l  p r e d i c t i o n  a n d  des i gn mnet h-
ods.
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It is p robab le  t hat  m o r e  s e r i o u s  m e c h a n i c a l  p r o b l e m s  wi l l  escape detec-
t ion  in the t u r b i n e  than in the compres so r  sect ion at the eng ine qualifica-
t imi  s tage.  T h e r e f o r e , the  re l iab i l i ty  of advanced  t u rb ines  is l ike l y to be
s e r i o u s l y a f f e c t e d  if t he  t u r b i n e  in le t  t e m p e r a t u r e  i n c r e a s e s  beyond the
L ,~~4O° to ~ , 4 i 0 ° F le v e l  p r e s e n t ly used  in the most advanced  t u r b i n e  de-
Signs .

P O W E R  MA N A G E M EN T

For m u l t i - e n gine f i x e d - w i n g  a i r c r a f t  and hel icopters , the eng ine l i f e  can
be inc reased  and m a i n t e n a n c e  reduced by using fu l l - r a t ed  pow er onl y as
a reserve  that  is au toma t i ca l ly avai lable  if loss of eng ine occur s  du r ing
the cr itical takeoff  and hove r  f l i ght  modes. This power control  system
would allow the e n g ines to he operated at less than f u l l - r a t e d  power on a
da y -to-day bas is , whi le  main taining f u l l takeoff  p e r f o r m a n c e  of the air-
cra ft. The sys tem can be applied to both f ixed -wing  a i r c r a f t  and helicop-
ters .  For f i x e d - w i n g  a i r c r a f t  with two or more  tu rboprop  or tu rbofan  en-
g ines, the power control  sys tem would sense the loss in power of the fa i led
eng ine t h r o ug h a d rop  in torq ue or rpm. The remaining eng ines ’ fue l  con-
t ro l  uni t  would be signalled automatical l y to increase  power .

In he l icopters , the loss of en g ine power would si gnal the remaining en-
g ines to make power available on demand throug h the normal p itch con-
trol  wi thou t  divert ing the pilot f rom his emergency procedures.

CERAMIC COMPONENTS

The use of ceramic components in turbine eng ines will be paced by the
abil ity to resolve the metal /ceramic design problems. The application of
ceramics  in turbine vane and turbine cy linder app lications has a reason-
able potential of success and can provide reduced fuel consumption with
greatl y improved oxidation and sulfidation resistance. The application of
ceramics in rotating hardware  is a much greater risk and is paced by the
development of ceramics with improved FOD resistance. The tendency

pa for carbon build-up in the cornbustor means the ceramic blades must at
least be resistant to carbon-par t ic le  impace damage. It is anticipated that
particle separators  can be employed to ef fect ively scr een out ingested
particles large enoug h to be ha rmfu l . Ceramic components of this type
will not be available for  several  years.
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BEARINGS

Advanced eng ines operating at hi gh p r e s su re  ratios will  have s t i f f e r
shaf t ing  sys tems to forestal l  cr it icai  speed problems.  These  s h a f t i n g
sys tems  will requi re  l a rger  bear ing s and , the re fo re, bearing DN (dia-
meter in mm x speed in rpm) values will increase even thoug h shaf t
speed s may not be higher.  It is anticipated that DN values will inc rease
from the pr es ent 2 x 106 to 3 x 1o 6.

For high-speed ball bear in gs , developm ent of optimum cooling and lubri-
cation will be of prim e impor tance .  Work  is also required on opd-num
internal geometry, hig h e r - s t r e n g t h  cages , reduc ed wei ght , and reci iced
cage friction.

Ball hearings requi re  a minimum t h r u s t  load to prevent skidding; however ,
if t h r u s t  loading is excess ive, fat i gue fai lure will result. Analytical and
experimental work  is requi red  to establish minimum bearing loading. In
addition , improved methods to calculate bearing th rus t  loading due to
aerod ynamic forces  a re  required as well as new measuring techniques to
ve r if y t h r u s t  loading in eng ine operation.

High - s peed roller bear ings  will require more develop.nent than ball bear-
ings. The major problem is roller end wear leading to cage failure, im-
proved lubr ica t ion  and bearing geometry must also be p”rzued.

During the next 10-year period , new roller bearing concepts may become
availab le, such as the dual -d iameter  or h ybrid bearings.

New compressors  will lead to the use of supercr itical speed main shafts
and intershaft  bearings.  Because it is d i f f icu l t  to lubricate intershaf t
bearing s, this development may hasten the advent of air bearings. The
foil bearing, an air bearing design with the advantage of some tolerance
to shaft motion, should be considered for intershaft  or mainshaft applica-
tions . Additional development arid ana lysis  in the area s of inter shaft hea r-
ings and air bearing s are required.

Inc r easing use will be made of bearing des igns that do not require oil-jet
lubrication, such as grease-packed, mist- lubricated, or air bear ings ,
particularly in accessory dr ives.
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SE ALS

\dv anc ed eng ines in the 3- to 10- lb/second ( - l a s s  i ncorpora te  m a i n - i h a f t
sea ls  that  operate wi th  s u r f a c e  speeds up to 450 f t / s e c o n d , a i r  p r e s s  ir e s
up to 104 psi a, and air  t e m p e r a t u r e s  to 1, 000° F. Pos i t ive-contac t  c~ rLion
seals  a r e  used. In f u t u r e  hi gh - p e r f o r m a n c e  eng i n es , sea l opera t ing  c on-
dit ions ~vil1 be m o r e  seve re, and exis t ing  pos i t ive -con tac t  seal con f igu ra -
t ions  m a y  not be a d e q u a t e,  At hi g h speeds and p ress  A r e s , p o s i t i v e - c o n t a c t
ca rbon  seals have a t e n d e n cy  to  wea r , g e n e r a t e  heat , and coke  up.

An a l t e r n a t i v e  to pos i t ive-contac t  seals is lab y r i n t h  seals .  Because  of
the i r  rioncontacting f e a t u r e , lab yr in th  s eal s o f f e r  in f in i t e  l i ie ;  however , at
hi g h a i r  p r e s s u r e s  and t empera tu res, simpl e lab yr in ths  will  not su f f i ce ,
and compl icated  m u l t i s t a g e  lab yr in ths  m u s t  be used. These la t te r  seals
incorporate  venting and p re s su r i za t ion  passages  that a re  costl y t o p roduce
and di f f icu l t  to accommodate  in small , hi gh- pe r fo rmance  eng ines. Com-
pared with  posit ive-contact seals , lab yr in ths  also permi t  hi gher  leakage
a i r flows  (w h ich m u s t  be abso r bed by the lubricat ion sys tem , wh ich in t u r n
causes  a loss in engine pe r fo rmance) .

The N ASA self-act ing s eal concept incorporates  the best fea tu res  of
posi t ive-contact  seals (low leakage) and lab yr in th  seals (noncontacting).
During operation , self-act ing seals a re  noncontacting,  the sea ling sur-
faces  being separated by a thin gas film (seal ing gap) that limits gas
leakage.  At shutdown the seal is positivel y contacting. Self-acting seal
des igns incorporate  Ray lei gh step lift  pads on the pri~n a r y  (carbon) sealing
faces.  These l i f t  pads provide h yd r od ynamic force  to s eparate the s ealing
sur f aces , and the  gas film is sufficientl y s t i f f  so that the p r i m a r y  (carbon)
r ing t r acks  the  runout  motions of the s eat without rubbing contact.  Lyco-
ming has been working with NASA in the development of self-acting gas-
f i lm  face  seals. Per formance  of this seal has been demonst ra ted  at pres-
sure  d i f fe rent ia l s  of 250 psi and speeds to 600 fps.

Present carbon seals exhibit satisfactory oxidation resistanc e to 900°F.
As operating t empera tu res  increase, hi gher tempera ture  carbon sealsp will be required.  The problem encountered today at hi gh tempera tures  is
coking on the oa side of the carbon segments. Therefore, increases  in
tempera ture  will be paced by the introduction of new fluids with higher
coking tempera tures .

Magnetic fluid seals , a new development , will be evaluated for application
in cool turbine positions such  as output shaf t  seal s and gearbox s eals.
Another  potential application for this  conf igurat ion will be as a shaft  seal
for the vacuum chamber of a composi te  fl ywheel installation.
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G E A R s \ N D  LU T C H E S

The  g ear  m a t e r i a l  (SAE 9310)  p resent l y used in t he i n d u s t ry  is full y de-
velop ed and does not o f f e r  any potential for  an increased load c a r r y ing
capab il i ty.  Fool steels such  as VASO X2 , wh ich  w ill he in t roduced  in the
coming  decade , o f f e r  subs tan t i a l  i mp r o v e m e n t  in c o m p r e s s i v e  s t r e s s  and
f l a sh  t e mp e r a t u r e  r i se .  In add i t ion, the  hi g h t e m p e r a t u r e  h a r d n e s s  of tool
s tee l  o f f er s  i m p r o v e m e n t  in the  a r e a  of oil i n t e r r up t i o n  operat ion.

Fo da t e , V ASCO X~i has  been applied in the  Boeing Ver to l  Company
h e a v y - l i f t  and U T T . -\S t r a n s m i s s i o n s .  P r o b l e m s  oc c u r r i ng  in the  hea t
t r e a t m e n t  of th i s  ca r b u r i~~ed ste e l  appa ren t l y have been resolved . A ppli-
cat ion of tool steel s to gas t u r b i n e  g e a r i n g  o f f e r s  good potential  for  up-
r a t i n g  gea r  sets  w i t h o u t  i n c r e a s i ng  envelope size.

Gea r data  for  engineer ing d r a w i ng s  a r e  p re sen t l y t r a n s f e r r e d  by hand
f rom co mpute r  output  sheets .  A computer  p rog ram can be developed to
a u t o m a t ica ll y p roduce  gea r data  on eng i n e e r i n g  d rawi ngs and also to pro-
v ide  i. r t t i n g - t o i - I g e o m e t r y .  P r e s e n t  anal y t i c a l  p rog rams  ca n be expanded
to include f in i te -e lement  techniques  to ca l cu la t e  gea r tooth deflect ions a i d
~t r e ss~~s.

New concepts  in ove r run - i i ng  c l u t c h e s , such  as the  sp r in g c lu tch  and the
p o s i tiv e - e n g a g e m e n t  c lu t c  Ii , nay be i n t r o d uc e d  in m i l i t a r y  he l icopter
t r a n s m i s s i o n s .  These  desi gns must  be evaluated for use  in eng ine appli-
cat ions.

B E A R I N G S, SEALS,  ~~N l) ( E A R S  - RE L I A B I L I T Y  ASSESSMENT

The prob able  e f f ec t  on f 1ii~} t  s a f e ty  and .r r i s s i on  re l iabi l i ty  of the next
genera t ion of engine components , inc lud ing hear ings , sea ls , and g ears , is
d i f f i cu l t  to  assess  at t h i s  t ime,  Unques t ionabl y, t h ese com ponents m ust
he as re l iable  as  the c u r r e n t  state of the a r t  pe rmi t s . A conserva t ive  approach
d i c t a t e s  tha t , wit h increased  operating t empe ra tu r e s, speed s , and pres-
sures , t hese  components a r e  not likel y to be much  better  than what we
have today. Yet the contemporary turb ine  eng ine itself operates at hi gher
t empera tu re s , speed s, and p r e s s u r e s  than its predecessors  and is at the
same t ime more  rel iable.
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. \ vc o  Ly c or n i ng  be l ieves  the  r e l i ab i l i t y  of any of t h e s e  components will
on l y  be as good as tha t  r e q u i r e d  b y the p r o c u r e m e n t  spec i f ica t ion  because
pe r f o r m a n c e  will  undoubt edl y c ontinue to be the over r id ing  cr i ter ion.
Spec i f y ing wea rout ra tes  for all components will not only improve flight
sa f e t y  and mi s s ion re l i ab i l i ty  but will  also r educe  the number of depot
r e t u r n s .  P r o c u r e m e n t  specif icat ions should includ e appropriate  compon-
ents and complete engine  t e s t  r e q u i r e m ents tha t  will ve r i f y t he se  desi gn
a nd  r e l i ab i l i ty  goals.

L UB R ICA TION SYSTEM

\ ma thema t i ca l  model def in ing  an eng ine lubr ica t ion  system as a flow and
p r e s — u r e  ne twork  is being developed unde r  Lycom ing ’s 1977 Independent
R e s e a r c h  and Development Program. This effort  will enable paramet r ic
s tud ies  to be conduc ted , showing the  effect  on the total system of changes
in any b ranch  of the system.  Heat rejection to the lubricat ion sys tem will
be calcu lated as a funct ion of power , a l t i tude , ambient t empera tu re, and
oil t empera tu re .

By using the model or ana lytical tool described abov e, an integrated lubri-
cat ion sy st em, pump, fi l ter , tank and cooler will be developed for ad-
vanced engines. In the p resen t  appl icat ion, the  oil tank and cooler a re
usua l l y supplied by the a i r f r a m e  m a n u f a c t u r e r .  This in tegra ted  lubrica-
t ion system will contain a high-speed oil pump that operates at speeds
above 1 ~~ , 000 rpm , com pared w ith toda y ’s 6 ,, 000-rpm pump which will
el iminate the need for speed-reduct ion gearing.  The technology for hi gh-
speed pumps was developed in Avco Lycoming~s contr ibut ing Eng ineering
Programs  and is presentl y available as report number 3 195.4. 13,

I
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APPENDIX A

BASIC DATA

} - i 1r ~~~~--\- I t h r o u g h -\- 5 prov ide the l is t ing s of basic  r e tu r n  data as cate-

~z or / e c l  f r o m  the  -\vco Lycorning eng ine data bank. These lists , on e f o r

eac h eng ine mod el , a r e  the  basis  f rom w h i c h  this  report  was  prepared .

Tab le  \ - I  p rov ides  a convenient  comparison of the r e tu rn  rates for  the
en~z i n e  m o d t d s stud ied .  These r e t u r n  ra tes  a re  in te rms of r e tu rns  per
m illion operat ing hours .

Tabl e A -~ l i s t s  the compo si te  eng ine re tu rn  ra tes.  This table permits
com par ison between any specif ic  eng ine against  the “normal’  eng ine.

Table ~-\-3 l is ts  the composite eng ine (mili tary models onl y) and al lows

comparisons , re tu rn  ra te -wise , with the civil composite rates in Tabl e
A-4.
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APPENDIX B
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APPENDIX C

M A I N T E N A N C E  ALLOCATION CHARTS

SAMPLE
MAINTENANCE ALLOCAT ION CHART

FOR
153.L.9A/I I/I I SA/I I B I  IC/ I ID/13A113B/703

(I) (2) (3) ( 4 )  15)
~ A INTENAN C! PUMCTIOP4

— 2Is
I

o PUNCT)OI4AL GROUP -J R!MA RKS

u ).. 
~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~-, 2 ~ 4 ~ 3 .1

— ~ & ~5~~~~~~~~~ 0
0 .J 4 .5 IS > I 0
4 4 U — I 1 0 1 —I,

03 Air Diffuser llousing 0 1 IY3 F 
— ______

Rear Bearing Seal and
Seal Housing F2 F

Rear Bearing Seal Uner
and Forward and Rear
Cone, F F

Impeller Housing 0 F F

Compressor Housing 0 F F

Compressor Stator Vanes F F F

Compressor Rotor Blades 0 F F Vtsual uupecr
irS) stage

Power Shaft F 0

Inlet Housing 0 0 0 • •Corrosion
ontrol

M 1n1.t V~ne, 0 D F

Variable Inlet GUidI V~~1
Assembly
(T$3- L-13AJ138/703) 0 0 F

Pow Divider and Dump
Valve Aiasmbly
(153.L.13A/l38/703) 0 0 0

Inlet Guad. Vans Actuator

Pt (153.L-13A/138/703) 0 0 0 D
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SAMk-’LE
MAINTENANCE ALLOCATION CHART

FOR
T53-L-9A/ l I / I  I SA/I lB/I IC/I ID/13A/I3B/703

( 1 )  ( 2)  ( 3 )  ( 4 )  ( 5 )
MAI NTENANCE FUNCTION— — — — —— — — —— — z

‘U

a.
S

‘U 0
FUNCTIONAL GROUP -J ~~ R E M A R K S

0 ‘U .6Z us
6. 0 U ~~ or ~j  or

in Z 
~~ 4 ~ or ~~

9 i I- a. a. us ~~0
~~ _j 4 ‘I’ ~~ >. us 0

_ _ _ _ _ _ _ _ _ _  I I- 
_ _ _ _ _

03 Inlet Guide Vane Actuator
I-Iose (T53 -L-13A, I3B/ 0 0
703)

First- and Second-Stage
Power Turbine Nozzle
Assembl y
(T53-L.13A/ 13B/703) F F F

Second-S tage Power Tur-
bine Rotor Assembly Visual
(T53 .L.13A/ 13B/703) 0* F F Inspection

First-Stage Power Turbine
Rotor Assembly
(T53-L-13A/13B/703) F F F

First-  and Second-Stage Gas
Producer Rotor A ssembly
(T53-L-13A/ 13B/703) F F F

First- and Second-Stage Gas
Producer Nozzle and
Flange (T53-L-I3A/13B/ F F F
703)

~~~~~~~

‘ I
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SAMPLE
MAINTENANCE ALLOCATION CHART

FOR
T53-L-9 A/ I I I I ISA/ I (B/ I IC/I lD/13A113B/ 70 3

( 3 )  ( 4 )  (5)
MA IP4TRNANC ! PUHCflOH —

( 5 )  ( 2 )  

~ R ( M A R K S

Ia.

o PUNCIIONAL GROUP l
— 

.5
.5 3 3

~~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~‘ 2 • 4 
~ 3 .5

~~~~~~~ a. a.
z 5 ~ _~ 4 5 IS 5. 5

I3 — — ~. 4 4 U — 1 1 0 1 I-

03 Rear Bearing Aft Seal 
— — —

Housing (T53-L.I3A/138/ F F
703)

Rear Beiring Forward Seal
and Forward Rear 011
RAnge and Cones
(T53-UI3AJIJBI7O3) F F

Rur Bearing and Rear
Besring Housing
(T53.L.13A/138/703) F F

Rear Bearing Forward Seal
sod Forward Rear Oil
RAnp and Cones
(T53-L.l I Series Engeses) F D

Rear Bearing and Rear
Bearing Housing (T53-
L.1tSeriesEn~nea) F 0

- Organizationa

- Fteld

— Depot

- C
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A P P E N D I X  D

F A I L U R E  MODE EFFECTS A N D  CRITICALITY ANALYSIS (FME CAJ

SAMPLE
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APPENDIX E

ESTIMATING WEIBULL PARAMETERS FOR COMPONENT FAILURE
MODES

Figures 26, 27 , 28, and 35 in Section 1.0 are  examples of Weibull plots
made from historical engine data. A block of 300 newly fielded engines
were monitor ed for component failur e modes causing depot r eturns.
Event s were ranked and assigned median rank values for plotting points.
Eng ines returned for causes other than the compone nt failure mode under
investigation were treated as suspensions. Sinc e the eng ine data bank does
not include component operating hour s, new and not previously overhauled
engines were  selected to r elate component hours to eng ine hours.  A least-
square line was fitted to the plotted points from which the characterist ic
life and slope were determined. Estimates derived by this method have
the following weakness: Although the sampl e size is large, the number of
actual plotted points is small , with a large number of suspended items.
The components failure mode descriptions associated with field d~ ta events
are frequently inadequate. Analysis of the Number 2 1 bearing showed tha t
the skewing failure mod e, which was eliminated by changing the roller
breaker point radius, was also related to shaft alignment. The 13 of less
ihan one is interpreted to mean that assemblies with misalignment would
fail relatively earl y in t imt~. With less misalignment, extended lives
would occur , thus the slope of the Weibull least-square line is an indica-
tion of a decreasing fai lure  rate.

The plot of the four th-s tage disc with a 13 of 1.2 is for the s tr e s s - rup tu re
failure mode. The expected disc fai lure mode is cycle-dependent and
should have a 13 > 1. However, the slope for this particular case may
have been altered by hi gh material temperatures.

The limitations described in analyzing the field data by the Weibull method
are  largely overcome when the method is applied to the result s of com-
ponent test  data. Tests run to verif y component integrity for low-cycle
fa t i gue can yield important f ai lu re  d is t r ibut ion  data in a relatively short
t i m e  by accelerated cycles or “murder ° cycle testing.
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The derivation of 0 the chardcteristic life, from the B 1 0 life for  be a r i r ig ~ is as follows:

Th e Wei bul l Reli a bility function :

i t) 13 or ( I )
R e ’ O  e~~~’

Taking the natura l log twice:

l n R = , t 1 13 or — l n R = j t \ 13
‘0~~ ‘ 0)

In (-In - R) = (3 In 
~
~0

In - t = In (-In .~~~~~ 
(2)

( 0  (3

let B 10 life = t , 10 percent failing = R = -I , --  R = .9 subs t i t u t i ng  into ( 2 )

In (B io) = Ill (-In -9) ~~~1~~ 5
(3 /3

In B 10 - In 0 = -2 25
(3

In /) = 2 . 2 5  + In B10

/3
2 .2 5

0 = ej  . B 0
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APPENDIX F

STRESS-STRENGTH METHOD COMPONENT ANALYSIS

-An ana l ytical approach in the determination of the inherent reliability of
t he des i g n i s, ~or example , af forded through the use of a “s t r e s s - s t r e n g t h
a n a l y s i s ” as fol lows:

Based on the random variables H and S, describing material strength
and imposed s t ress , respectively, the reliability of a s tructural  element
may  be defined as the probabil i ty tha t the material strength is greater
than the imposed s t ress

Or

R = ~~r ( H > S )

If H and S are  normall y d is t r ibuted then
2

- x
1 ‘~ 2R 

~~

-

~~

--—— J e  dx ~~~z)

-

z =

1 2  2

~ 
0 H 

+ a
s

A pictorial representation of the above.

_ _  _ _ _ _ _ _ _  - 
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4

Therefore , strictly from this type of an anal ysis , a ne w des ign  operat ing
at an elevated temperature can have an equal reliability either by cooling,
to keep the material operating tempera ture  constant , a nd /or by a change
to a material that presents  the same s t rength  character is t ics .

This type of analysis , however , is subject to several uncertanties such as:

a. knowled ge of the t r u e  imposed s t ress

b. when cooling is considered , the t rue material operating
temperature

c. knowledge of the t rue  material  properties.

These uncer ta in t ies  can be considerably reduced as a result of des ign and
material selection philosoph y and p roced ur es cou pled with test  and field
experience substant iat ing the techniques.  The above method can be app lied
to compressors , combustors and turbines , in gene ral , relative to low cy-
d c  fatigue , thermal  fati gue , and derivat ives such as st r e s s - rup tu re  and
creep characterLstics.

p
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